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Abstract
Culture can be described as a system of environmental beliefs, values, and social practices
within one’s environment. This system is passed on from generation to generation and provides a
basis for an individual’s behaviors and cognitive perceptions. Cultural neuroscience is an emerging
field that intertwines domains of anthropology, psychology, neuroscience, and genetics to help
understand the underlying processes, neural mechanisms and genomic factors that vary across
cultures. Similar to humans, the socially monogamous prairie vole (Microtus ochrogaster) display
populational differences in prosocial behavior and aggression based upon region-specific cultural
upbringing and parental lineage. Prairie voles originating from Kansas (KS) display significantly
lower levels of prosocial behavior and higher levels of aggression than voles from Illinois (IL).
Behavioral differences are associated with significant differences in the underlying mechanisms,
including expression of central estrogen receptor alpha (ER), oxytocin, and vasopressin. Male
hybrid offspring from both populations follow the maternal population’s behavioral pattern, with
KI male offspring (KS dam and IL sire) displaying a significant overexpression of ER in a
number of important regions of the brain that regulate prosocial behavior. A major goal of this
study was to take advantage of these exaggerated phenotypes to determine if there are also
differences associated with population of origin within the neural networks that regulate social
behavior using functional magnetic resonance imaging (fMRI). First, we examined if there were
differences in microarchitecture and functional resting-state connectivity between KI and IL
males. We found that there were significant differences in gray matter microarchitecture and
functional connectivity among KI and IL males. IL males had significantly higher gray matter
microarchitecture and functional connectivity in regions relevant to prosocial behavior, including
the bed nucleus of the stria terminalis (BST), paraventricular nucleus of the hypothalamus, and the
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anterior thalamic nuclei. Our results support the hypothesis that gray matter microarchitecture and
functional connectivity are associated with the expression of prosocial behavior. Second, by using
graph theory network analysis on the aforementioned fMRI data, we identified a presumptive
“prosocial” core (PS core) of nodes based on regions empirically studied to contribute to the
prosocial behavior, in addition to an olfactory core (O core). Our goal was to elucidate the
fundamental network connectivity globally (total connections), locally (within-core connections),
and between nodes associated with the prosocial and olfactory core. Our results found that the
global connectivity of the O core is similar in both males, while IL males displayed a higher degree
of connectivity globally, within the PS core, and between the O and PS cores. Lastly, we examined
a sample of the genomes for IL, KS, KI, and IK (IL dam x KS sire) groups. We used double digest
restriction-site associated DNA (ddRADseq) to examine 7,813 autosomal ddRADseq loci, 202 Xchromosome loci, and 11 Y-chromosome loci. We found that among all groups, there was overall
genetic similarity, with only a few outlier regions. Of these putative outliers, we found significant
differences among populations (KS vs. IL), as well as parent-hybrid differences (IL vs. IK, IL vs.
KI). Using fMRI, GTA, and ddRADseq methods of analysis provided us with three unique angles
from which to more wholistically study the prairie vole. Overall, our findings have further
confirmed that the prairie vole is a powerful transgenerational animal model.
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Chapter 1: Introduction

1

1.1 CULTURE AND NEUROSCIENCE
Culture, which is defined in Merriam-Webster’s Dictionary as “the customary social forms
and traits of a social group,” plays a critical role in shaping human behavior and is influenced by
numerous factors. The emerging field of cultural neuroscience intertwines various research
methods from psychology, anthropology, and cognitive neuroscience to investigate the numerous
psychological processes, neural mechanisms, and genomic factors that differ across various
cultural settings, regardless of race or nationality (1–3). For example, environmental factors, such
as varying sociocultural backgrounds (i.e., different religious values, socioeconomic upbringing,
or parental values) influence social behavior and one’s response to a contextual norm (4–8). Early
social environmental factors, such as quality of parental care, also have a direct impact on the
offspring social behavior (9,10). Children reared in stressful social environments, which include
harsh familial discipline and abuse, may suffer from impaired cognitive development (11),
increased anxiety or depression (12), have a high risk of substance abuse disorders (13,14), and
delayed growth milestones (15) (Fig. 1.1.1). These behaviors may be passed on from generation
to generation, as children who receive early-childhood neglect are more likely to neglect or abuse
their own children (16,17). Physiologically, early social environmental factors have a powerful
influence on immune, autonomic, and neuroendocrine development (18–20).
Many factors, such as depression and empathy, were once considered to be an exclusive
part of the human condition, associated with our society and rationale capabilities. However, recent
studies have shown that in many cases, cultural and populational factors critically affect these
experiences in non-human animals. In research settings of rodents and non-human primates, it has
been observed that early social environment, including parental care, is critical for shaping
offspring social behavior (21–25). For example, one of the earliest studies on social deprivation
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using rhesus macaques, demonstrated that female monkeys who were wholly or partially deprived
of maternal contact during early development, displayed significant changes in social behavior
later in life. These females displayed changes in behavior, which include expressing symptoms
frequently associated with depression and were more likely to avoid or withdraw from novel social
interactions, in addition to being more prone to neglect or abuse their future offspring (26). These
early studies in primates were extended to other mammals where while the degree may have
differed, it was also found that early social environment played a critical role in the subsequent
expression of social behavior. In rodents, as with most mammals, early social environment
involves direct parental care/interaction with offspring, which includes physical contact
(huddling), grooming, retrieving and nursing (22,27). Indirect parental care involves nest building,
food caching and runway building (22,27). Studies have shown that the quality of early social
environment directly contributes to an offspring’s behavioral response to stress (28,29), gene
expression (30), cognitive development (31), as well as learning and memory (31). Overall,
multiple circuits and mechanisms regulate the expression of social behaviors (32,33) and many of
these circuits are sensitive to environmental conditions or early life experience. These complex
behaviors are modulated through a multi-mechanistic approach, involving steroids, neuropeptides,
and their respective receptor expression (34–36). This project aims to enhance/increase our
understanding of how multiple factors, including higher order brain function and genes, interact
with cultural differences related with experience, environmental conditions, and context to
subsequently shape social behavior. Our intent is to present an animal model that demonstrates
human-relevant social behavior, including parent-to-offspring behavioral imprinting.
While a large number of studies have examined the neural mechanisms and regions of the
brain involved in regulating prosocial behavior (see areas indicated below), the goal of my
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dissertation research is to take these studies to a new level. I aim to test the hypothesis that higher
order brain microarchitecture and functional connectivity are both involved in the expression of
prosocial behavior and that these will differ based upon the origin/culture of individuals. I will
also examine the possible role of genetic differences. These aims will be accomplished using the
prairie vole (Microtus ochrogaster), a well-established animal model.

Figure 1.1.1: Impact of Adverse Childhood Experiences

Figure 1.1.1: Impact of adverse childhood experiences. Negative Health and Life Outcomes
associated with Adverse Childhood Experiences (Center for Disease Control and Prevention) (37).
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1.2 PRAIRIE VOLE ANIMAL MODEL
Prairie voles are small rodents that reside in grass and weed covered fields in the central
United States and Canada (38). The prairie vole is an excellent, human-relevant animal model for
studying prosocial behavior, as they are highly prosocial and display a suite of social behavior
characteristics that define social monogamy (39,40). These include: (1) formation of long-term
heterosexual bonds (selective affiliation), (2) bi-parental care for offspring, (3) selective
aggression (mate-guarding), (4) incest avoidance/reproductive suppression with older siblings and
parents and (5) alloparental behavior (41–47). Unlike many promiscuous rodent species, male
prairie voles, like male humans, generally contribute to various parental behaviors including pup
huddling and retrieval, nest building and nest guarding (48–50). The evolution of social monogamy
and the associated prosocial behaviors is predicted to arise under environmental conditions where
a male’s fitness is increased, via survival of the offspring, by remaining with the female mate and
assisting in the rearing of offspring, as opposed to seeking further mates (51–53). There are several
hypotheses for which environmental conditions would favor monogamous behavior. These include
patch size, resource quality (52,54) and water/moisture availability (55,56). In a habitat where
there is less vegetation and therefore a lower population density, staying with a single mate and
providing paternal care for offspring would be more advantageous than seeking extra mates
(57,58). Additionally, comparative studies have identified that socially monogamous rodent
species appear to share a common harsh, xeric environment (59–61) in which bi-parental care is
essential for offspring survival (55,62,63). Within these environmental conditions, it is
advantageous for one parent to remain within the nest and help reduce water loss in pups (64) and
regulate pup thermoregulation (65,66), while the other forages. Drier environments also influence
several physiological mechanisms that are directly linked with the need to conserve water and
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enhance metabolic efficiency, such as arginine vasopressin (AVP), also known as anti-diuretic
hormone and oxytocin (OT).
1.3 NEURAL MECHANISMS
The majority of OT and AVP production occurs within separate and distinct populations
of neurons of the paraventricular nucleus of the hypothalamus (PVN) and supraoptic nucleus
(SON) (67). AVP is a primary hormone involved in the regulation of water balance, as it regulates
water loss and sodium retention. AVP also plays a key role in the modulation of social interactions
associated with monogamous behaviors (68–70), including selective aggression in males (71,72).
Postnatal exposure to AVP influences aggression in sexually naïve males (73) and administrations
of chronic (68) and acute (70) AVP injections in adults facilitates prosocial behaviors, such as
partner preference formation or parental care in male prairie voles. Paternal prairie vole males have
low densities of AVP-ir fibers within the lateral septum (LS) and the lateral habenular nucleus
(LHN) and show significantly higher levels of parental care, as compared to naïve males (74).
While there are three known receptors for AVP (vasopressin receptors 1A, 2, and V1B),
vasopressin receptor 1A (V1aR) is the predominant form expressed within the brain (75). V1aR
antagonist administration in the medial amygdala (MeA), ventral pallidum, and the mediodorsal
hypothalamus significantly decreased social behaviors in male prairie voles (76) and
overexpression of V1aR in the ventral pallidum accelerated partner preference formation (77).
Additionally, a study in which prairie vole V1aR was isolated and later expressed in the ventral
pallidum of the non-monogamous montane vole, caused the montane vole to display prairie volelike partner preference behaviors (76). This distribution and expression of receptors varies based
upon the reproductive strategies, with closely related “polygynous” meadow (M. pennsylvanicus)
and montane (M. montanous) voles displaying a different pattern than the socially monogamous
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prairie and pine (M. pinetorum) vole (78,79). High vasopressin receptor density in the ventrostriato-pallidum can be found in other species that demonstrate prosocial behaviors, such as the
monogamous California mouse (Peromyscus californicus), as compared to the closely related,
non-monogamous white-footed mouse (Peromyscus leucopus) (80). Similarly, the ventro-striatopallidum in the monogamous marmoset is rich with V1aR receptors (81), as compared to the nonmonogamous rhesus monkey (82).
Previous findings in male rats have found the response to vasopressin to be steroiddependent (83–86). In prairie voles, VP densities are significantly influenced by administration of
steroids, such as testosterone (87) or through mating-induced testosterone (88). Testosterone
treatments of castrated males showed similar AVP-ir fiber distribution of sham-treated males as
well as comparable paternal behavior, suggesting steroid regulation of AVP (89). Castration of
naïve male voles showed a decrease in levels of VP-ir fibers in neural regions responsible for
paternal care, such as the bed nucleus of the stria terminalis (BST) and MeA, and males showed
decreased parental behavior (90).
Within neurons, local testosterone is converted, via aromatase, to estrogen to regulate
behavior and the amount of estrogen plays a significant role in initial masculinization of neural
architecture and expressed behaviors. Estrogen, while still often viewed primarily as an important
steroid for female behavior and reproduction, also plays a critical role in the masculinization of
male behavior. Therefore, the regulation of estrogen has a significant role in the expression of the
female-typical behavior that is associated with highly prosocial male behavior. Compared to
testosterone’s two major metabolites, dihydrotestosterone or estradiol, estrogen is a more potent
metabolite in respect to neural structure masculinization and behavior (91–93). In prairie voles,
estrogen receptor alpha (ER) has been shown to play a critical role in the modulation of various
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male prosocial behaviors, including partner preference (94,95), increased aggression and anxiety
(96), pup retrieval (97) and copulatory behaviors (95,98,99), while estrogen receptor beta (ER)
is conversely associated with reduced aggression, anxiety, and cognition (100). Activation of ER
increases aggression in both sexes and reduces prosocial behavior in males (101) and studies using
viral-vector infection showed that an increase in ER expression in the BST in male prairie voles
significantly decreased prosocial behavior (102,103). Social environment also has a direct impact
in the expression of ER as housing isolation increased the expression of ER in male prairie
voles and increased sexual activity (101). Further evidence has shown that low levels of ER are
directly linked to expression of high levels of male prosocial behavior. Similar to V1aR (78) and
OTR (104), comparative studies between socially monogamous and polygynous voles have shown
distinct patterns of ER associated with the mating system. Prairie voles and socially monogamous
pine voles (M. pinetorum) display low levels of ER in critical regions of the brain associated with
the regulation of social behavior, compared to polygynous meadow (M. pennsylvanicus) and
montane voles (M. montanus) (35). When ERα is enhanced in the MeA, male prairie voles showed
a significant preference towards a novel (non-partner) female (102), while overexpression of ERα
in the BST showed a decrease in total social affiliation behavior (103). Conversely, decreasing
male meadow vole ERα expression in the MeA increased social affiliation (105).
The hypothalamic-pituitary-adrenal (HPA) axis plays an important role in the response to
stress (106–108) and regulating a variety of behaviors (109–112). In prairie voles corticosterone
(CORT) has also been shown to play a role in the formation of pair bonds (113,114) and paternal
care (115). Prairie voles have high basal levels of adrenocorticotropic hormone and corticosterone
binding globulin (113), which are typically associated with chronic stress levels (116). Prairie
voles are able to survive these high levels because they display high resistance to effects of
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glucocorticoids (117,118). The effects of CORT on pair bond formation is sexually dimorphic
(88,91,92). When introduced to a novel male, there is an increase in CORT levels in pair-bonded
females, and a decrease in CORT in sexually naive females (113). An increase in circulatory
CORT (either by injection or being exposed to a stressor) in male prairie voles increases prosocial
behavior and facilitates partner preference formation, while an increase in CORT via injection or
stressor decreased prosocial behavior in females (113,119,120). Also, in males, removal of the
adrenals inhibits the formation of bonds, while replacement of CORT re-establishes the ability to
form pair bonds (119).
OT, which is well known for its role in uterine and smooth muscles in the mammary glands
associated with milk ejection (121), also has various functions associated with energy metabolism,
such as food intake (122,123), thermoregulation (124,125) and metabolic homeostasis (126,127).
OT, like AVP, also contributes to the expression of prosocial behaviors associated with social
monogamy, including pair-bond formation (69,128). Although more commonly associated with
the formation of pair bonds in females (69,128–130), OT, similar to AVP, has been shown to play
a role in both males and females (131–133). OT-immunoreactive fibers extend to areas associated
with social-sexual neural regions, such as the BST, medial preoptic area (MPOA), the lateral
hypothalamic area (LHA), and the nucleus accumbens (NAcc) (67,76). OT receptor (OTR) binding
density positively correlates with alloparental behavior in naïve females, while administration of
an OTR antagonist inhibits alloparental behavior (134). Additionally, prairie vole social behavior
is affected by early life pharmacological manipulations, as acute early-life OT exposure causes
long-lasting effects in receptor expression in regions associated with social behavior (135). As
with AVP, the production and regulation of OT is influenced by estrogen (136,137) and the
expression of ER is also regulated by OT (138). Researchers have postulated that levels of OTR
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binding may play a role in prosocial behaviors across taxa, as non-monogamous rodent species
display comparatively low levels of OTR binding compared to monogamous rodents (139).
The quality of early social environment plays a role in shaping prairie vole social behavior.
Prairie voles display extended family groups, in which parents build one nest and spend the
majority of time together (49). Juveniles frequently remain within the nest after the birth of the
following siblings and exhibit spontaneous alloparental care towards pups (49,140,141) and incest
avoidance (47). Similar to other socially monogamous rodents (142,143), monkeys (144), and
humans (145), prairie vole offspring receive a considerable amount of parental care from both dam
and sire (146). During neonatal development, past research has shown that regulation of various
neural mechanisms, including ER (138,147,148), OT (133,149,150), and AVP (73,151), are
critical for later expression of social behavior and that these mechanisms are influenced by early
social environment (152–155). Prairie voles that have either been raised biparentally or monoparentally display significant differences in expressed alloparental care and affiliative behaviors
in adulthood (156). The amount of bi-parental care a prairie vole receives as a pup is directly
correlated with the levels of social behavior the offspring will display during adolescence (157).
A reduced early-life social environment significantly interferes with the development of social
discrimination and socio-spatial memory behaviors (135,158).
Microtines have proven to be very useful in the study of the evolution of social behavior
as well as the mechanisms associated with the regulation of the prosocial behaviors that define
social monogamy. In part because they represent a closely related group of rapidly evolving
mammals (53,159) that display the full spectrum of mating strategies and because social
monogamy has evolved multiple times within the genus. Beyond the interspecific comparisons,
prairie voles are an ideal species for my proposed studies because they also display significant
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differences between populations and these differences are maintained even after multiple
generations have been reared in the laboratory. Prairie voles originating from different
geographical regions, Kansas (KS) (40) and Illinois (IL) (39), while both defined as socially
monogamous, display significant differences in levels of prosocial behavior and differences in
neural phenotype. Compared to IL voles, KS voles display significantly less spontaneous parental
and alloparental care (160), display less social contact during partner preference tests (161), and
are more aggressive (162). Additionally, compared with IL voles, KS voles display sexual
dimorphism, with males being larger than females (160), a trait typically associated with polygyny
in mammals (163), and males have a larger home-range size than females (163). IL voles display
high philopatric behavior and rarely disperse (164), while KS voles tend to display densityindependent dispersal (165). These populational differences reflect significant cultural differences
and may be associated with differences in early social environment, genetics, or an interaction of
genes and experience. These differences are also reflected in the expression of the underlying
neural mechanisms and it has been hypothesized that the neural mechanisms involved in prosocial
behavior in male prairie voles is influenced by early social environment (161). In addition to
variation of parental care, differences in behavior of both populations could also potentially be
driven by natural selection due to the dramatic variance of climate and ecological conditions.
Kansas has a drier habitat and is less-nutrient dense compared to the Illinois habitat and it has been
hypothesized that these drastic environments result in intraspecific variation (160). For example,
as mentioned previously, AVP’s peripheral role is to regulate water balance. While there are no
differences in the expression of AVP receptors between populations, peripheral administration of
AVP stimulates partner preference formation only in KS males (161). These findings suggest a
potential mode in which the KS reproductive strategy may be regulated by a change in
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environmental conditions in which AVP is produced and released. Compared to KS males, IL
males display significantly less oxytocinergic neurons within the PVN (166). While there were no
differences in androgen receptors immunoreactivity, IL males display significantly lower levels of
ER in the MeA and the BST (167). Compared to castrated IL males, castrated KS males required
lower levels of testosterone to restore sexual activity (167), providing further evidence that the
differential response of the aromatization of testosterone plays a major role in influencing social
behavior. Given the complexity of the neural mechanisms involved in the expression of social
behavior and how these mechanisms are influenced by environmental factors, it has been
hypothesized that the expression of social behavior is not regulated by a single mechanism, but a
suite of mechanisms including AVP, estrogen, OT, and their respective receptors (34).
Our lab has previously identified that maternal lineage plays a critical role in influencing
male offspring prosocial behavior as well as neuronal phenotype. In cross-fostering studies of KS
and IL populations, male offspring of both KS dam x IL sire (KI offspring) and IL dam x KS sire
(IK offspring) (Fig. 1.3.1) displayed similar maternal-based patterns in aggression and social
behavior (166). These behavioral phenotype differences are maintained under standard housing
conditions. Cross-bred male offspring follow the maternal lineages patterning of ER (168), OT,
and VP (166). Compared to KS or IL sires, KS dams have a greater influence in shaping male
offspring neural phenotype. KI males show a significant increase in ER compared with IL males
and KS males (168), as well as show significantly fewer OT expressing cells in the PVN, compared
to IL and IK males (166). Furthermore, these differences are associated with significant differences
in the expression of prosocial behavior, with KI males being the least prosocial and displaying
higher levels of aggression (166). Analysis of ER expression in crossbred females was varied,
with a tendency to follow a paternal pattern. KI females display a trend toward significant
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differences in VP compared to IL females (166,168). Overall, the highly prosocial prairie vole
presents us with a novel animal model to better understand culture, as there are dramatic
populational differences in social behavior, as well as transgenerational factors that shaping
offspring phenotype. I will be using this incredible cultural model system to address the research
questions in my dissertation.

Figure 1.1.2: Nomenclature of Populations.
Figure 1.1.2: Experimental set-up and nomenclature for the parental and crossbreed populations
of KS and IL prairie voles. Created with BioRender.com.
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1.4 SOCIAL NETWORK
The expression of social behavior is a dynamic, temporally sensitive process that includes
the recruitment and integration of various signals in neural regions associated with social behavior.
The social behavioral network (SN) was originally postulated by Newman (169) in her description
of various, overlapping neural regions. Specifically, neural pathways traditionally associated with
the limbic system delineate from exclusively being responsible for mating behaviors and overlap
with other neural regions that contribute to various alternate social behaviors, such as aggression,
social communication, and parental care (169). Newman proposed the SN includes regions that
have been empirically studied to contribute to prosocial behavior, which include the LS (170–173),
MeA (174–180), MPOA (171,174,175,181–186), AHA (170,173), ventromedial hypothalamus
(171,184,187–189) and tegmentum (171,184,186,190–194). Each of the areas within the SN are
reciprocally connected with one another (195–202) and contain gonadal hormone receptors (203–
205). Additionally, many of these regions, including the MeA, are involved in the integration of
social recognition and memory (206,207) and these behaviors are regulated by various neural
mechanisms previously mentioned to be associated with social behavior, including oxytocin (208–
210), vasopressin (76,78,210,211), and estrogen receptors (34,212–214).
Initial research into which neuroanatomical regions were relevant to prairie voles was
accomplished via comparative studies of taxonomically close monogamous and non-monogamous
vole species (67,74). As previously mentioned, montane and meadow voles are less social and do
not form mating-based pair bonds (215,216). Early comparative studies comparing polygynous
and monogamous vole species revealed significantly different patterning of OT receptors, (104),
AVP receptors (78), ER (35), dopamine (217), and corticotropin-releasing hormone (218) in
regions associated within the SN and reward (discussed later). For example, compared to montane
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or meadow voles, prairie voles display significantly higher levels of OTR in the prefrontal cortex
(PFC), BST, and the nucleus accumbens (67,104,217,219), in addition to displaying significantly
higher expression of AVP receptors in the ventral pallidum and the MeA (78,79). Studies
examining neuronal activity via the expression of immediate early genes, such as c-fos, have
identified regions in the SN to be associated with initial pair bond formation (220,221), aggression
(222), and parental care (223–225). Many of these regions have been subject to receptor
manipulations that alter the expression of social behavior. For example, enhancement of Er in
the BST (103) or MeA (102), disrupts IL male prosocial behavior, while under field conditions,
decreasing MeA ER in KI males increased the expression of social monogamy (226).
1.5 REWARD SYSTEM
The reward system, also known as the mesocorticolimbic dopamine system, contains
dopamine (DA) producing neurons projecting from the ventral tegmental area (VTA) to the
nucleus accumbens (NAcc), amygdala, and prefrontal cortex (PFC), as well as projections from
the substantia nigra to the ventral tegmental area (VTA) and the dorsal striatum. This system is
involved in mediating natural hedonic behaviors (e.g. sex or ingestive behaviors) (227),
reinforcement behavior and learning (228) and drug-seeking behaviors (229). Because of this,
many of these regions and networks have been studied in relationship to motivation and addiction
(229,230). However, this “network” also plays a role in the expression of sociosexual (231) and
parental behaviors (232). Within prairie voles, DAergic neurons are present in numerous regions
involved in pair bond formation, including the NAcc, BST, MPOA, VTA, and MeA (233–236).
Within the NAcc, interactions with DA and OTR play a critical role in pair bond formation
(235,237) and DA regulates pair bonding in a receptor- and site-specific manner. The DA system
has two families of receptors: D1-like receptors (D1R) and D2-like receptors (D2R), which have
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opposite effects in cellular signaling (238). Activation of D2R receptors in the Nacc induced
partner preference formation (239), while activation of D1-like receptors within the Nacc shell
blocked mating-induced partner preference formation (240). These opposing behavioral effects are
hypothesized to be based upon the temporal regulation of D2R and D1R throughout pair bond
formation, as selective aggression after initial pair bond formation prevents the formation of a
second pair bond (241). Compared to sexually naïve voles, pair bonded males have enhanced D1R
binding within the Nacc and intra-Nacc blockade of D1Rs, and D2Rs abolish selective aggression
(242). In addition to contributing to pair bond formation, neural pathways responsible for reward
and incentive behavior have been shown to be necessary for reproductive and parental behaviors
(231,243). Pup exposure increases DA release within the Nacc and D1R antagonists decreased
paternal behavior in pair bonded males (244). Within the VTA, exposure to infants enhanced fos
activation in male prairie voles (245,246) and activation of a VTA-Nacc-prefrontal cortex pathway
is observed in response to pup nurturing or oxytocin administration in rats (232,247).
1.6 OLFACTORY NETWORK
In the majority of mammals, there are two non-overlapping neural pathways that receive
and interpret chemosensory information: (1) main olfactory network (MON) and (2) accessory
olfactory network (AON) (248). The main olfactory epithelium is located in the posterior region
of the nasal cavity and processes small volatile odorants. MON sensory neurons are bipolar with
apical ciliated dendrites originating from the nasal epithelium and extending to mitral cells of the
main olfactory bulb (MOB). These mitral cells then project to multiple regions of the paleocortex:
anterior olfactory nucleus (AON), olfactory tubercle (OlfT), piriform cortex (PC), lateral amygdala
(LA), and the entorhinal cortex (EC). Specific areas such as the PC and EC are integrated by the
hypothalamus, thalamus, and hippocampus (248). These hypothalamic and thalamic connections
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are further integrated with various information processes that are received from the AON. AON
neurons lie within the neuroepithelium in the vomeral nasal organ (VNO). The VNO is located on
each side of the nasal septum, is tubular shaped, and enclosed in bony capsules. The VNO sensory
neurons project to the accessory olfactory bulb (AOB). Neurons of the AOB then project to three
limbic system nuclei: BST, nAOT, and MeA. The projections from the MeA then extend afferent
connections to the hypothalamus, which becomes integrated with hypothalamic areas associated
with the MON. The integration of this olfactory and pheromonal input from the MeA to these
hypothalamic areas provide critical input for sociosexual behavior, including parental care (249),
aggression (250,251), and mating (252).
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1.7 THE PROPOSED PROSOCIAL CORE
This dissertation proposes a “prosocial” core (PS core) that includes regions associated
with social behavior and reward that are influenced by olfactory input. Given the vast amount of
literature covering the previously mentioned networks, it is surprising that a prairie vole-specific
PS core has not been fully defined, especially as a functionally connected network. We defined the
prosocial core (Table 1.7.1) based upon studies of the mechanisms and brain regions associated
with the expression of social monogamy (105), which play a role in the expression of prosocial
behavior or selective aggression. Unlike previous studies which are dependent on analysis of a
sole or few neural regions, the identification and analysis of a PS core would help us understand
the organizational differences in higher order brain processing in areas regulating the expression
of prosocial behavior. Given the role of olfactory integration in sociosexual behavior, we identified
a presumptive olfactory core (O core) (Table 1.7.1) and wanted to compare how regions
responsible for olfactory integration may differ between prairie vole populations. Lastly, by
identifying both PS and O cores, we can perform intra-core analysis between both cores and
examine how olfactory integration is connected to regions influencing prosocial behavior.
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Table 1.7.1: Presumptive Prosocial Core (PS Core) and Olfactory Core (O Core)
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1.8 GENOMIC AND NON-GENOMIC INFLUENCES ON BEHAVIOR
Numerous studies have rigorously analyzed the importance of early social environment
and its role in shaping offspring social behavior. It is also critical to understand the underlying
genetic influences that could be involved in the nature versus nurture question, or perhaps more
realistically gene vs environmental interaction. Genetic factors, such as parental imprinting of
genes related to impulsive behavior, play a role in shaping offspring social behavior (253,254).
Studies have identified that demographic location (255,256) and social structure (257,258) play a
role in genomic influence of social animals. Previous studies using different populations of the
socially monogamous oldfield mouse (Peromyscus polionotus) found that there was a populationdependent gene silencing of Igfr2 (259), a growth factor, and when a male oldfield mouse was
crossbred with a polygynous eastern deer mouse (P. maniculatus), there was a failure to regulate
these growth factors, resulting in over-sized offspring (260,261).
Previous genomic research with prairie voles has examined how single-nucleotide
polymorphisms (SNPs) influence prosocial behavior and impact the expression of various neural
mechanisms (262,263). As previously mentioned, the expression of prosocial behavior within
prairie voles is influenced by a suite of neural mechanisms, including estrogen, OT, AVP, and
their respective receptors (23,24), as well as other mechanisms (see above). Parental genomic
influences of these mechanisms make them an ideal candidate for further genomic analysis. Within
prairie voles, numerous polymorphisms in non-coding regions of AVP and OT receptors (Avpr1a
and Oxtr, respectively) have been identified and hypothesized to contribute to region-specific
neural expression of OT and VP receptors. The differential expression associated with
microsatellite regions of these genes may modulate prosocial behavior (262,263).
Immunohistochemical studies of KI and IL males have further confirmed that VP and OT neuronal
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patterning is maternally influenced and may impact offspring prosocial behavior (166).
Interestingly, analysis of the estrogen receptor gene, Esr1, found no significant differences among
KS or IL populations (168). While the authors indicate that there are no significant populational
Esr1 differences, there is little known about whether the expression of a parental specific Esr1, in
addition with Avpr1a and Oxtr, may regulate genomic imprinting on other loci. One of the goals
of my dissertation is to determine if there are major genetic differences between KS and IL
populations and if these variations play a role in shaping the population-specific cultural
differences, in addition to the maternal origin effects seen in the male offspring. Specifically, we
want to analyze the genomes of the KS and IL populations and the KI and IK hybrid offspring.
We predicted differences in genomic profile within these groups by analyzing SNPs in
thousands of loci of the parental prairie vole populations (IL and KS) and their respective hybrid
offspring by using double digest restriction-site associated DNA (ddRAD-seq) methods. Forms of
ddRAD-seq techniques allows researchers to implement next-generation sequencing to sequence
thousands of polymorphic markers across a genome by targeting a subset of the genome (264,265).
The use of ddRAD-seq provides advantages over whole genome sequencing. It includes a greater
depth of coverage per locus, is cost-effective while running higher numbers of samples, and no
reference genome is required (266). Previous research has implemented restriction enzymeassociated sequencing methods in analyzing genomics of adaptation (267–269), inbreeding and
genomic diversity (270,271), effective population size (272,273), population structure (272,274),
introgression (275), and phylogenomics (276). For this first chapter, I used double digest
restriction-site associated DNA (ddRAD-seq) methods to acquire a partial genome representation
across KS, IL, KI and IK samples. I used the data to examine if there was evidence of population
structure between the two parental populations. I then conducted genomic scans of selection
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between each parental population and the hybrid combinations (IK and KI). I then identified
function for putatively non-neutral loci to determine whether any of the isolated variants may
indeed be associated with prosocial behavior.
1.9 RESTING-STATE FUNCTIONAL MAGNETIC RESONANCE IMAGING
Since its introduction into clinical research in the late 1990s (277), the use of functional
magnetic resonance imaging (fMRI) of the brain has proven to be a powerful tool for rodent models
in neuroscience. fMRI has provided valuable insights into understanding complex behaviors, such
as maternal care (278), reward (279), and the neural impact of drugs of abuse (280,281). We chose
to use resting-state functional magnetic resonance imagining (rsFMRI) between IL vs KI males,
the two offspring phenotypes that display the most diverse behavioral differences, to discover
global differences that may not be apparent in more-traditional methods of research. While there
have been several research studies examining the resting-state functional connectivity of IL-based
prairie voles (282), the changes in functional coupling during a pair bond of IL voles (283), and
the behavioral/neural differences between IL and KI groups (166,168), there has been little
research performed on these two groups using rsFMRI. The second and third chapters of this
dissertation are dedicated to analyzing the data generated from rsFMRI for the IL and KI males
(Fig. 1.9.1). First, we aim to examine region-specific differences of functional connectivity and
neural coupling, which will provide us with novel insights into the comparative
neuromicroarchitecture among the two male populations. Second, we will use network analysis to
examine the similarities and differences among neural regions associated with olfactory integration
and social behavior.
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Figure 1.9.1: Experimental Set-Up and Data Collection for fMRI.

Figure 1.9.1: Experimental set-up and data collection for fMRI. Both structural imaging (used for
diffusion-weighted imaging) and functional imaging (used for blood-oxygen level dependent
signaling) are obtained via fMRI scans. Created with BioRender.com.
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1.10 DIFFUSION-WEIGHTED IMAGING
Diffusion-weighted imaging (DWI) is a technique that analyzes the isotropic
movement/hinderance of proton spins of water molecules over time in the brain and produces a
quantitative contrast that differentiates the physical properties of neural grey-matter
microarchitecture (284). DWI examines various regions of the brain and measures the diffusion,
directionality, and restriction of water that reflects a specific region’s microenvironment. This
measurement serves as a proxy to better understand various neuronal features, such as neuronal
and glial density, axonal dendritic and synaptic organization, capillary density, connective tissue,
and intracellular and extracellular volumes. There are several modes of analysis of the
measurement of anisotropy, including apparent diffusion coefficient (ADC) and fractional
anisotropy (FA). ADC is the direct measurement of the magnitude of the diffusion of water
molecules within a neural region, while FA measures the shape of water molecules, as water
molecules that are restricted in movement differ then water molecules in unrestricted motion. Both
ADC and FA serve as excellent measures for comparative analysis of neuronal connectivity and
with the incorporation of a vole-specific atlas, could help us understand the differences from a
region-specific scale. The use of DWI in the KI/IL prairie vole model system will provide us with
a better understanding of higher-order brain structures and microarchitecture in regions relevant
to prosocial behavior. Specifically, we will investigate whether there are differences in grey-matter
microarchitecture and if there is a parental-dependent reorganization of the brain.
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1.11 BOLD ANALYSIS
The second mode of analysis of using rsFMRI of both KI and IL male groups is to better
quantify which neural regions are functionally coupled in a group-specific manner. Hemodynamic
responses, such as neural activation, causes a shift from oxyhemoglobin to deoxyhemoglobin
(285,286) (Fig. 1.11.1A). The physical properties of deoxyhemoglobin (iron in a ferric state)
disrupt a constant magnetic field, and the magnetic resonance (MR) signal can be visually
contrasted to the non-disruptive oxyhemoglobin (286–288) (Fig. 1.11.1B). The differences in MR
signals of oxyhemoglobin and deoxyhemoglobin allow researchers to visualize neural activation
through blood-oxygen level dependent (BOLD) signaling (286,288,289). When imaging the brain,
neural regions that have similar BOLD signals are presumed to be functionally coupled to one
another (290). This analysis provides researchers with powerful information about the inherent,
in-tandem neural organization and functioning of numerous neural regions. The second part of the
second chapter primarily focuses on specific regions that have been empirically studied to
contribute to prairie vole prosocial behavior (105). For example, past research has shown that Erα
in the MeA (102) and the BST (103) regulate male prosocial behavior in prairie voles. Low levels
of ERα expression within the MeA and BST are associated with high levels of male prosocial
behavior in prairie (IL-origin), pine, and mandarin voles, as well as dwarf hamsters (35), while KI
prairie voles have significantly higher expression of ERα in the MeA and the BST (168).
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Figure1.11.1: Visualization of Hemodynamic Response in which Neural Activation Occurs

Figure 1.11.1: Visualization of hemodynamic response in which neural activation occurs. (A)
Neural activation causes a dramatic shift in oxygenated hemoglobin to deoxygenated hemoglobin
to active neurons. (B) Oxygenated hemoglobin does not cause a disruption of a strong magnetic
field (as used in fMRI), while deoxygenated hemoglobin disrupts a strong magnetic field. Created
with BioRender.com.
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Chapter 2: Differences in Diffusion-Weighted Imaging and Resting-State Functional
Connectivity Between Two Culturally Distinct Populations of Prairie Vole
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2.1 ABSTRACT
BACKGROUND: We used the highly prosocial prairie vole to test the hypothesis that
higher-order brain structure— microarchitecture and functional connectivity (FC)—would differ
between males from populations with distinctly different levels of prosocial behavior. Speciﬁcally,
we studied males from Illinois (IL), which display high levels of prosocial behavior, and ﬁrst
generation males from Kansas dams and IL males (KI), which display the lowest level of prosocial
behavior and higher aggression. Behavioral differences between these males are associated with
overexpression of estrogen receptor alpha in the medial amygdala and bed nucleus of the stria
terminalis and neuropeptide expression in the paraventricular nucleus.
METHODS: We compared apparent diffusion coefﬁcient, fractional anisotropy, and blood
oxygen level–dependent resting-state FC between males.
RESULTS: IL males displayed higher apparent diffusion coefﬁcient in regions associated
with prosocial behavior, including the bed nucleus of the stria terminalis, paraventricular nucleus,
and anterior thalamic nuclei, while KI males showed higher apparent diffusion coefﬁcient in the
brainstem. KI males showed signiﬁcantly higher fractional anisotropy than IL males in 26 brain
regions, with the majority being in the brainstem reticular activating system. IL males showed
more blood oxygen level–dependent resting-state FC between the bed nucleus of the stria
terminalis, paraventricular nucleus, and medial amygdala along with other brain regions, including
the hippocampus and areas associated with social and reward networks.
CONCLUSIONS: Our results suggest that gray matter microarchitecture and FC may play
a role the expression of prosocial behavior and that differences in other brain regions, especially
the brainstem, could be involved. The differences between males suggests that this system
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represents a potentially valuable model system for studying emotional differences and
vulnerability to stress and addiction.
2.2 INTRODUCTION
Prairie voles (Microtus ochrogaster) are the primary human- relevant rodent model for
studying the neural mechanisms and circuits involved in the expression of high levels of prosocial
behavior associated with social monogamy. They form long-term pair bonds, express alloparental
and biparental offspring care (291), and show depression-like responses to social isolation and
partner loss (292). Microtines are a comparative model, as closely related species display a wide
spectrum of behavior. Pine (Microtus pinetorium) and prairie voles are socially monogamous and
highly prosocial, and montane voles (Microtus montanus) are polygynous and solitary, while
meadow voles (Microtus pennsylvanicus) display intermediate attributes but are used as a
polygynous model. Studies focusing on voles have provided the following insights into the neural
regulation of prosocial behavior: 1) Multiple neural mechanisms are involved, including oxytocin
(69,128), vasopressin (293), dopamine (235,294), corticosterone (113), and estrogen receptor
expression (102). 2) Two major neural networks, social and reward, as well as other regions and
nuclei play a critical role in modulating prosocial behavior (295). 3) The pattern of receptor
expression, such as oxytocin (104), vasopressin (78), estrogen (35), dopamine (217), and
corticotropin-releasing factor (218) varies with reproductive strategy and degree of prosociality.
However, we have little or no understanding of the role of higher-order brain structure in the
generation/regulation of prosocial behavior, which may be critical in modeling human behavior.
Therefore, our goal was to test the hypothesis that higher-order brain structure differs between
prosocially distinct males. We tested this hypothesis by examining the gray matter
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microarchitecture and resting-state functional connectivity (rsFC) between culturally/behaviorally
distinct male prairie voles.
Social monogamy, characterized by high levels of male prosociality and low levels of
male/male aggression, is seen in prairie voles from Illinois (IL) (39). In contrast, prairie voles from
Kansas (KS), although socially monogamous (40), display signiﬁcantly lower levels of prosocial
behavior and less parental care (160) and form partner preferences with less contact (161) and
higher levels of aggression (162) than IL voles. Differential male prosociality is associated with
differences in the underlying mechanisms. KS males display signiﬁcantly less oxytocinergic
neurons, such as hypothalamic paraventricular nucleus (PVN) neurons (166), and signiﬁcantly
more estrogen receptor alpha (ER) in the bed nucleus of the stria terminalis (BST) and the medial
amygdala (MeA) than IL males (167). ER expression is critical, as low levels of BST and MeA
ER are associated with high levels of male prosocial behavior both within and between species
(35), as differential ER expression in MeA and BST is associated with social monogamy in nonmicrotine rodents (35,296). In IL males, enhancement of BST (103) or MeA (102) ER disrupted
prosocial behavior. Conversely, decreasing MeA ER in male meadow voles increased prosociality and decreased aggression (297). Differences between KS males and IL males are
exaggerated in ﬁrst generation males from KS dams and IL males (Kansas/Illinois [KI]), who have
the lowest number of oxytocinergic neurons and more vasopressinergic neurons in the PVN than
IL males (166), overexpress BST and MeA ER (168), and display the lowest levels of prosocial
behavior (166). The MeA and BST also play a critical role in social-signal processing, as they
receive direct input from the olfactory and accessory olfactory bulbs (169). Given the differences
in neuroanatomy and behavior, we pre- dicted that there would be signiﬁcant differences in gray
matter microarchitecture and functional couplings with the BST and MeA between males.
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Speciﬁcally, IL males would show greater BST and MeA connectivity with areas associated with
prosocial behavior. As there are no speciﬁc resting-state maps showing overall prosocial FC (298),
we predicted connections with nuclei within the social neural network, i.e., ventromedial
hypothalamus, lateral septum, medial preoptic area, other amygdaloid nuclei, and regions
associated with memory and learning, and the reward network, i.e., frontal cortex, nucleus
accumbens (NAc), and ventral pallidum or ventral tegmental area, in IL males.
2.3 METHODS AND MATERIALS
2.3.1 Animal Husbandry
Males originated at the Miami University (Oxford, OH) and at 45 to 60 days of age were
transported to the Center for Translational Imaging, Northeastern University (Boston, MA).
Animals were housed with same-sex siblings who were postnatal day 21 and were provided highﬁber Purina Fibre3 Rabbit Chow (Purina Animal Nutrition, Arden Hills, MN) and water ad libitum.
Animals were housed in temperature- and humidity-controlled vivaria and maintained on a 14-hour
light/10-hour dark cycle. All procedures were approved by the Miami University and Northeastern
University Institutional Animal Care and Use Committees and were conducted in accordance with
the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
2.3.2 Imaging Protocol
A Bruker BioSpec 7.0T/20-cm Ultra Shield Refrigerated horizontal magnet (Bruker,
Billerica, MA) and a 20-G/cm magnetic ﬁeld gradient insert (inner diameter 12 cm) were used to
scan anesthetized subjects using a quadrature transmit/receive volume coil (inner diameter 38 mm)
(299). Imaging sessions began with an anatomical scan with the following parameters: 20 slices;
slice thickness, 0.70 mm; ﬁeld of view, 2.5 cm; data matrix, 256 3 256; repetition time, 2.5 seconds;
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echo time (TE),12.0 ms; effective TE, 48 ms; number of excitations, 2; and total acquisition time,
80 seconds.
2.3.3 Diffusion-Weighted Imaging–Quantitative Anisotropy
The following procedures were identical to those described previously (300,301).
Diffusion-weighted imaging (DWI) was acquired with a spin-echo echo-planar imaging (EPI)
pulse sequence with the following parameters: repetition time/TE, 500/20 ms; 8 EPI segments;
and 10 noncollinear gradient directions with a single b-value shell at 1000 seconds/mm2 and 1
image with a b-value of 0 seconds/mm2 (referred to as b0). Geometrical parameters were as
follows: 48 coronal slices, each 0.313 mm thick (brain volume) and with in-plane resolution of
0.313 3 0.313 mm2 (matrix size, 96 3 96; ﬁeld of view, 30 mm2). The imaging protocol was
repeated 2 times for signal averaging. DWI acquisition took 35 to 70 minutes. DWI included
diffusion-weighted three-dimensional EPI image analysis producing fractional anisotropy (FA)
maps and apparent diffusion coefﬁcient. DWI analysis was implemented with MATLAB (version
2017b) (The MathWorks, Inc., Natick, MA) and MedINRIA version 1.9.0 (http://wwwsop.inria.fr/asclepios/software/MedINRIA/index.php) software. Because sporadic excessive
breathing can cause motion artifacts apparent only in the slices sampled when motion occurred,
each image (for each slice and each gradient direction) was screened before analysis for motion
artifacts, and acquisition points with motion artifacts were eliminated from analysis.
For statistical analysis, each brain volume was registered with the three-dimensional
magnetic resonance imaging (MRI) Vole Brain Atlas template (Ekam Solutions LLC, Boston,
MA) allowing voxel- and region-based statistics (302). In-house MIVA software was used for
image transformations and statistical analyses. For each vole, the b0 image was coregistered with
the b0 template (using a 6-parameter rigid-body transformation). The coregistration parameters
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were then applied on the DWI indexed maps for each index of anisotropy. Normalization was
performed on the maps providing the most detailed and accurate visualization of brain structures.
Normalization parameters were then applied to all indexed maps and then smoothed with a 0.3mm Gaussian kernel. To ensure that preprocessing did not signiﬁcantly affect anisotropy values,
the nearest neighbor option was used following registration and normalization. Statistical
differences between DWI groups were determined using a Mann-Whitney U test ( = 5%). The
following formula was used to account for false discovery from multiple comparisons:

P(i) ≤

i

q

V

c(V)

P(i) is the p value based on the t test analysis. Each of 111 regions of interest (ROIs) (i)
within the brain containing V ROIs was ranked in order of its probability value (Tables 2.4.1.1 and
Table 2.4.1.2). The false-positive ﬁlter value q was set to .2 and the predetermined c(V) at unity
(303).
2.3.4 Resting-State Functional Connectivity
The following procedures, with the exception of speciﬁc references to voles, were identical
to those described previously (300,301). Resting-state fMRI was acquired with a gradient-echo
triple-shot EPI sequence (repetition time/TE, 3000/17 ms; matrix size, 96 3 96 3 20; voxel size,
0.208 3 0.208 3 0.75 mm; time points, 200. Preprocessing was accomplished by combining AFNI
version 17.1.12 (http://afni.nimh.nih.gov/afni/), FSL version 5.0.9 (http://fsl.fmrib.ox.ac.uk/fsl/),
Advanced Normalization Tools (ANTs) (https://sourceforge.net/projects/advants/), and MATLAB
(version R2017b). Brain tissue masks for resting-state functional images were manually drawn
using 3DSlicer (https://www.slicer.org/) and applied for skull- stripping. Normalization was
completed by registering functional data to the MRI vole atlas using afﬁne registration through
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Deformable Registration via Attribute Matching and Mutual-Saliency Weighting (DRAMMS;
https://www.cbica.upenn.edu/sbia/software/dramms/index.html). This MRI vole brain atlas
containing 111 brain regions was used for segmentation. After quality assurance, bandpass ﬁltering
(0.01–0.1 Hz) was performed, reducing low-frequency drift effects and high-frequency
physiological noise. The resulting images were detrended and spatially smoothed (full width at
half maximum = 0.6 mm). Finally, regressors composed of motion outliers, the 6 motion
parameters, mean white matter, and cerebrospinal ﬂuid time series were fed into general linear
models for nuisance regression removing unwanted effects.
Correlations in spontaneous blood oxygen level–dependent ﬂuctuations were measured
using region-to-region FC. Networks consist of nodes and edges, nodes being the brain ROI and
edges being the connections between regions. A total of 111 nodes were deﬁned using the ROIs
segmented from our vole atlas. Voxel time series data were averaged per node based on the residual
images using the nuisance regression procedure with motion parameters and mean time courses of
white matter and ventricles. Pearson’s correlation coefﬁcients across all node pairs (6105) were
computed per subject, assessing temporal correlations between brain areas. Normality of r values
(21 to 1) was improved using Fisher’s z transformation. Symmetric connectivity matrices 111 3
111 were constructed, with each entry representing the strength of edge. Group-level analysis was
performed to examine FC in all experimental groups. The resulting z score matrices from 1- group
t tests were clustered using the k-nearest neighbors clustering method to identify how nodes cluster
and form resting-state networks. A |Z| = 2.3 threshold was used to avoid spurious or weak node
connections for visualization purposes.
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2.4 RESULTS
2.4.1 Diffusion-Weighted Imaging
There were several signiﬁcant differences in apparent diffusion coefﬁcient (Table 2.4.1.1
and Figure 2.4.1.1, left column) between males. Many of the differences occurred in the brainstem,
e.g., lateral paragigantocellularis, trigeminal complex, facial nucleus, raphe, medullary reticular
nucleus, and reticulotegmental nucleus. The level of diffusivity, i.e., direction of signiﬁcant
difference, was region dependent, with IL males being higher in some regions and KI males being
higher in others.
There were 26 brain areas that were signiﬁcantly different for FA between males. In all
cases, FA was higher in KI males than in IL males (Table 2.4.1.2 and Figure 2.4.1.1, right column).
Differences in FA were most prominent in the brainstem reticular activating system, e.g.,
reticulotegmental nucleus, raphe, gigantocellularis, para-gigantocellularis, parvicellular reticular
nucleus, pontine reticular nucleus, and medullary reticular nucleus.
Table 2.4.1.1: Apparent Diffusion Coefﬁcients Between IL Males and KI Males
Brain Area

IL

Comparison

KI

p Value

Tenia Tecta Ctx
Lateral Paragigantocellular Nucleus
Olfactory Tubercles
Trigeminal Complex Medulla
Facial Nucleus Medulla
Dorsal Raphe
Anterior Thalamic Nuclei
Paraventricular Nucleus
Medullary Reticular Nucleus
Reticulotegmental Nucleus
Bed Nucleus Stria Terminalis
Ventral Tegmental Area
Lateral Dorsal Thalamic Nucleus

1.43 (0.13)
0.42 (0.54)
1.40 (0.34)
0.62 (0.35)
0.29 (0.37)
1.24 (0.11)
1.22 (0.13)
1.28 (0.17)
0.67 (0.53)
0.40 (0.41)
1.19 (0.10)
1.08 (0.39)
1.31 (0.11)

<
<
<
<
<
>
>
>
<
<
>
<
>

1.81 (0.17)
1.47 (0.85)
1.95 (0.43)
1.01 (0.21)
1.13 (0.80)
1.12 (0.05)
1.08 (0.07)
1.11 (0.09)
1.26 (0.42)
0.90 (0.40)
1.09 (0.05)
1.58 (0.44)
1.20 (0.07)

0.001
0.011
0.012
0.017
0.018
0.019
0.02
0.026
0.028
0.028
0.03
0.031
0.033
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Lateral Hypothalamus
Medial Septum
Paraflocculus Cerebellum
Raphe Magnus
Glomerular Layer Olfactory Bulb
Globus Pallidus

1.17 (0.32)
1.22 (0.10)
0.81 (0.32)
0.54 (0.74)
0.97 (0.44)
1.15 (0.10)

<
>
<
<
<
>

1.49 (0.21)
1.12 (0.06)
1.23 (0.41)
1.48 (0.91)
1.39 (0.31)
1.06 (0.06)

0.035
0.036
0.038
0.04
0.044
0.045

Table 2.4.1.1: Apparent Diffusion Coefﬁcients of 19 Areas Out of 111 Brain Areas in the Vole
MRI Atlas That Are Signiﬁcantly Different Between IL Males and KI Males. Values are
presented as average (SD). Regions are presented in order of signiﬁcant differences. A signiﬁcance
level of p < .034 was applied to adjust for multiple comparisons. IL, Illinois; KI, Kansas/Illinois;
MRI, magnetic resonance imaging.
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Figure 2.4.1.1: Significant ADC and FA Differences
Figure 2.4.1.1: Diffusion-weighted imaging. Left column shows regions of signiﬁcant
differences in apparent diffusion coefﬁcient (ADC) between males from Illinois and ﬁrst
generation males from Kansas dams and Illinois males, while right column indicates regions with
signiﬁcant differences in fractional anisotropy (FA). The p values (< .047 ADC, < .045 FA) for
brain regions are indexed by degree of red shading, while signiﬁcant differences in white matter
are indicated in yellow. ctx, cortex; n., nucleus.
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Table 2.4.1.2: Fractional Anisotropy Between IL Males and KI Males
Brain Area
IL
KI
p-value
Red Nucleus
White Matter
Lateral Preoptic Area
Paraflocculus Cerebellum
Facial Nucleus Medulla
Raphe Magnus
Reticulotegmental Nucleus
Reticular Formation
Dorsal Raphe
Medial Amygdala
Gigantocellular Reticular
Nucleus
Vestibular Nucleus
Lateral Paragigantocellular
Nucleus
Trigeminal Complex Medulla
Prelimbic Cortex
Parvicellular Reticular Nucleus
Pontine Reticular Nucleus
Caudal
Solitary Tract Nucleus
Trigeminal Complex Pons
Central Medial Thalamic
Nucleus
Posterior Hypothalamus
Basal Amygdala
Anterior Cingulate Ctx
Tegmental Nucleus
Accumbens Core

0.46 (0.04)
0.5 (0.04)
0.51 (0.05)
0.29 (0.11)
0.07 (0.09)
0.11 (0.17)
0.12 (0.13)
0.45 (0.04)
0.48 (0.04)
0.46 (0.11)

<
<
<
<
<
<
<
<
<
<

0.53 (0.04)
0.55 (0.03)
0.58 (0.02)
0.42 (0.04)
0.24 (0.14)
0.37 (0.18)
0.3 (0.12)
0.51 (0.04)
0.54 (0.05)
0.56 (0.04)

0.002
0.004
0.006
0.009
0.011
0.012
0.013
0.017
0.017
0.018

0.26 (0.22)

<

0.49 (0.10)

0.02

0.39 (0.17)

<

0.54 (0.04)

0.023

0.11 (0.16)

<

0.32 (0.17)

0.023

0.22 (0.14)
0.35 (0.05)
0.3 (0.19)

<
<
<

0.36 (0.10)
0.4 (0.05)
0.48 (0.09)

0.03
0.03
0.031

0.34 (0.18)

<

0.51 (0.08)

0.032

0.32 (0.21)
0.27 (0.14)

<
<

0.5 (0.06)
0.41 (0.10)

0.035
0.036

0.44 (0.05)

<

0.5 (0.05)

0.037

0.46 (0.10)
0.48 (0.06)
0.4 (0.02)
0.46 (0.12)
0.49 (0.04)

<
<
<
<
<

0.55 (0.05)
0.55 (0.06)
0.45 (0.06)
0.56 (0.05)
0.54 (0.04)

0.04
0.041
0.042
0.043
0.046

Medullary Reticular Nucleus

0.24 (0.21)

<

0.44 (0.15)

0.047

Table 2.4.1.2: Fractional Anisotropy in 26 Areas in Which There Is a Signiﬁcant Difference
Between IL Males and KI Males. Values are presented as average (SD). In all cases, fractional
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anisotropy was higher in KI than in IL. Regions are presented in rank order of signiﬁcance. A
signiﬁcance level of p < 0.047 was applied when taking into consideration multiple comparisons.
IL, Illinois; KI, Kansas/Illinois.
2.4.2 Resting-State Functional Connectivity
Figure 2.4.2.1 shows the rsFC correlation matrix for both IL males and KI males. Letters
denote primary clusters constituting major brain regions and their signiﬁcant connections. IL males
showed a greater number of functional couplings than KI males. These differences are most noted
in area B (insular cortex, olfactory tubercles, medial septum, and BST connecting to rostral
piriform, tenia tecta, diagonal band of Broca, and medial preoptic area), area D (intrathalamic
connections), and area G (brainstem reticular activating system).
The correlation matrix was used to generate signiﬁcant positive correlations with the BST
(Figure 2.4.2.2), MeA (Figure 2.4.2.3), and PVN (Table 2.4.2.1) with associated z score. For all
nodes, IL males displayed more signiﬁcant correlations than KI males. In the BST and PVN, all
functional couplings of KI males corresponded with IL males. The BST highlights major
connectivity differences between males. IL males display extensive connectivity with multiple
brain regions, including the amygdala, hypothalamus, basal ganglia (e.g., caudate/putamen), NAc,
septum, and globus pallidus (Figure 2.4.2.2). IL males also displayed more MeA couplings (Figure
2.4.2.3). Although both KI males and IL males showed signiﬁcant coupling to the surrounding
amygdala, only KI males showed coupling to the central and extended amygdala. IL males had
coupling to the hypothalamus, NAc shell, and hippocampal complex (e.g., CA1, CA3, and
dentate). Table 2.4.2.1 shows the limited signiﬁcant connections associated with the PVN.
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Figure 2.4.2.1: Resting-State Functional Connectivity
Figure 2.4.2.1: Resting-state functional connectivity. Top left area of graph is a
correlation matrix of resting-state functional connectivity between Illinois (IL) males (top right)
and ﬁrst generation males from Kansas dams and Illinois (KI) males (left bottom) separated by the
diagonal line. Each red/orange pixel represents 1 of 111 brain areas that has a signiﬁcant positive
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correlation with other brain areas. Pixels in shades of blue have a signiﬁcant negative correlation,
or anticorrelation, with other brain regions. The brain areas with signiﬁcant correlations appear as
clusters because they are contiguous in their neuroanatomy and function. Each pixel on one side
of the line has a mirror image pixel on the other side. The delineated areas serve to focus attention
on similarities and differences in connectivity. For example, the rectangles labeled B and B*
highlight the differences between IL males KI males, respectively. The brain areas outlined by the
rectangles include the insular cortex, olfactory tubercles, medial septum, and bed nucleus of the
stria terminalis and their connections with the rostral piriform, tenia tecta, diagonal band of Broca,
and medial preoptic nucleus. Signiﬁcant correlations passing the |Z| > 2.3 threshold are shown.
The pixel positions described are mirror images of each other with a diagonal line separating the
IL males and KI males. The z scores of Pearson’s correlation coefﬁcients are displayed in a colorcoded matrix for both groups, with the greater absolute z value indicating greater connections
between 2 region pairs and smaller absolute values indicating weaker connections. Delineated
brain regions with signiﬁcant correlations are clustered based on their contiguous neuroanatomy
and/or function. Numerous neural regions (labeled A–I) are highlighted and magniﬁed displaying
the differences in connectivity. Area A, prefrontal cortex, e.g., prelimbic, infralimbic, association,
orbital, anterior cingulate; area B, lines highlighting box are the insular cortex, olfactory tubercles,
medial septum, and bed nucleus of the stria terminalis connecting to rostral piriform, tenia tecta,
diagonal band of Broca, and medial preoptic area; area C, caudate putamen, somatosensory cortex,
claustrum, endo- piriform cortex connecting to second primary motor cortices, and orbit cortex;
area D, intrathalamic connections; area E, amygdala; area F, thalamus; area G, highlighted by line
that is midbrain reticular formation making connections with ventral tegmental area, substantia
nigra, periaqueductal gray, dorsal raphe, posterior hypothalamus, and medial geniculate red
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nucleus; area H, anterior cerebellum and subiculum and entorhinal cortex; area I, brainstem
reticular activating system—pontine reticular nucleus, tegmental nucleus, parabrachial nucleus,
trigeminal complex, paraﬂocculus, gigantocellularis, reticulotegmental nucleus, and parvicellular
reticular nucleus.
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Figure 2.4.2.2: Significant Functional Connectivity with the Bed Nucleus of the Stria Terminalis
Figure 2.4.2.2: Comparison of the signiﬁcant functional connectivity with the bed
nucleus of the stria terminalis between Illinois males and ﬁrst generation males from Kansas
dams and Illinois males. The colors in the three-dimensional graphics indicate areas that show
regions with higher functional connectivity in both populations. Table shows signiﬁcant ( |Z| >
2.3; dashes indicate not signiﬁcant) resting-state functional connections. ctx, cortex; n., nucleus.
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Figure 2.4.2.3: Signiﬁcant Functional Connectivity with the Medial Amygdala
Figure 2.4.2.3: Comparison of the signiﬁcant functional connectivity with the medial
amygdala between Illinois males and ﬁrst generation males from Kansas dams and Illinois
males. The colors in the three-dimensional graphics indicate areas that show regions with higher
functional connectivity in both populations. Table shows signiﬁcant (|z| > 2.3; dashes indicate not
signiﬁcant) resting-state functional connections. ctx, cortex; n., nucleus.
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Table 2.4.2.1: Significant Resting-State Couplings with the Paraventricular Nucleus

z Score
Paraventricular Nucleus
Reuniens Thalamus
Dorsomedial Hypothalamus
Anterior Hypothalamus
Medial Preoptic Area
Tenia Tecta
Dentate Hippocampus

IL
3.5
3.8
4.0
3.0
2.4
2.4

KI
3.5
4.1
3.6
–
–
–

Table 2.4.2.1: Signiﬁcant (|Z| >= 2.3) Resting-State Couplings with the Paraventricular
Nucleus of the Hypothalamus in IL Males and KI Males. Dash indicates not signiﬁcant. IL,
Illinois; KI, Kansas/Illinois.
2.5 DISCUSSION
Our results supported the hypothesis that gray matter micro-architecture and functional
coupling would differ between behaviorally distinct male prairie voles. Speciﬁcally, highly
prosocial IL males had higher FA and greater FC in regions associated with prosocial behavior
and reward than KI males. In contrast, KI males had higher FA in brainstem reticular formations.
Our ﬁndings are signiﬁcant because they link mechanisms and regions of the brain known to
regulate prosocial behavior with brain microarchitecture and FC. Although we recognize that many
of these brain regions regulated other behaviors and physiological responses, our ﬁndings are
discussed with respect to integrated neural circuitry believed to regulate prosocial behavior and
how they might translate to the human condition.
Based on similarities in sociosexual behavior between prairie voles and humans, prairie
voles have become the primary human-relevant model for understanding neural regulation of
social behavior. They have been used and/or proposed as a translational model for studying
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depression (292), autism (304,305) and addiction (306,307). Prairie voles, similar to humans,
display signiﬁcantly different cultural/populational patterns of social behavior, and these
differences are regulated by signiﬁcant differences in the underlying mechanism. The differences
between KS and IL prairie voles are well established and robust, supported by decades of studies
and persisting under laboratory conditions after generations of breeding. Additionally, when crossbred, the male offspring display maternal behavioral patterns, with KI males displaying
overexpression of ER (168) and reduction in oxytocinergic neurons in the PVN, which is
associated with a higher level of aggression and lowest levels of prosocial behavior (297).
It seems a logical extension to consider the KI/IL system as a translational model for fMRI
studies, especially as a predictive model for treatment and assessment of vulnerabilities within and
between human populations for mental health disorders and drug abuse. There are challenges to
this approach. One involves species differences in processing social cues. Rodents typically use
olfaction, while humans rely on vision, meaning that connectivity differs to at least some degree
(308). However, the MeA and BST still play a critical role in regulating sociosexual behaviors in
all eutherian mammals. Another issue, as eloquently stated in a recent review (298), is that speciﬁc
brain regions and FC associated with regulating prosocial behavior are inferred through task-based
fMRI studying a single prosocial behavior. This means, in part, that because of the complexity, we
do not have a map of the regions involved, and we do not understand their overall connectivity
associated with producing prosociality. This human meta-analysis review examines potential
regions involved in prosocial behavior, empathy, and mentalizing. Many of the regions that were
seen to be different between voles were implicated in the meta-analysis, including the prefrontal
cortex and amygdala, with the striatum seen as playing a critical role (298). An interesting
experimental approach to overall prosociality was conducted comparing DWI and rsFC in humans
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based on social network size (309). While not exactly the same, this is comparable to the
differential degree of KI/IL male prosociality, with IL males displaying stronger social bonds.
There are some interesting correlates with our ﬁndings. First, social network size was associated
with FA in the cingulate cortex (anterior and posterior) and prefrontal cortex. Additionally, social
network size was associated with greater rsFC within the anterior and posterior cingulate cortex
with the amygdala. Drug addiction and resilience are associated with social support and social
networks (310), suggesting the KI/IL model could be used in translational drugs of addiction
studies. In a human rsFC study, resilience was associated with hyperconnectivity in several regions
that differed between KI and IL males, including the prefrontal cortex, caudate nucleus, motor
area, and putamen (311). If translated to voles, this might predict that KI males would be more
susceptible to drug addiction.
2.5.1 Gray Matter Microarchitecture
The diffusion of water, its directionality and restriction, is complex and dependent on the
microenvironment, i.e., neuronal and glial density; axonal, dendritic and synaptic organization;
capillary density; connective tissue; and intracellular and extracellular volumes. DWI has been
used in vivo to predict changes in cellular and molecular gray matter in speciﬁc brain areas later
conﬁrmed with postmortem histology (105). The differential anisotropy we observed shows that
there are signiﬁcant differences in numerous brain areas between the two populational and cultural
distinct voles (166,284). We expected to see differences in measures of anisotropy when analyzing
111 brain areas; indeed, there were differences in many areas, including the olfactory system, basal
ganglia, and brainstem reticular activating system. The DWI data do not assign the difference to a
speciﬁc phenotype but simply underscore that there are putative differences in the micro-anatomy
in these different brain areas. The brain areas include the olfactory system, which is critical for
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communication; the basal ganglia, which is required for motivation and goal-directed behavior;
and the reticular activating system, which is needed for arousal. Collectively, these areas and their
interconnections would suggest a difference in behavior or temperament between IL and KI voles.
Gray matter microarchitecture is different. In prairie voles, social bond formation is
regulated by the interaction of two neural networks, social and reward (312), as well as other areas
in the limbic system that have afferent or efferent connections with these networks. While further
study is required to directly associate differences between prosocial behavior with gray matter
microarchitecture and tract density, the areas of difference between IL males and KI males is very
suggestive. IL males displayed signiﬁcantly higher FA than KI males in regions directly associated
with or implicated in the regulation of prosocial behavior, such as the PVN, BST, dorsal raphe
nucleus (DRN), and anterior thalamic nucleus. The PVN produces major neuropeptides—
oxytocin, vasopressin, and corticotropin-releasing factor—which regulate the formation of pair
bonds (313). The BST plays a major role in the expression of prosocial behavior, including parental
behavior and bond formation (89,103,243). The DRN has been associated with the process of the
formation of partner preferences. Adult males reared by single mothers, rather than biparentally,
showed delays in the formation of partner preferences. These delays were associated with changes
in neuropeptide receptors, including in the DRN (156), and changes in afferent serotonergic
neurons from the DRN to the anterior hypothalamus, which modulate aggression and afﬁliation
(72). The anterior thalamic nucleus plays a role in memory and emotional processing in addition
to affective cognition (314), which may play a role in the responses to speciﬁc individuals and
strength of bonding. Apparent diffusion coefﬁcient was greater in KI males than IL males in
multiple regions, many of which are in the brainstem. It is difﬁcult to directly link these with
speciﬁc responses or patterns, but they could be involved in vigilance, aggression, motivation, or
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social interactions. They do, however, emphasize the architectural difference between the males,
which is further supported by the FA ﬁndings.
The FA data reveal several differences in microarchitecture. First, all signiﬁcant
differences were higher in KI males, further supporting real differences in brain function between
KI males and IL males. This supports previous ﬁndings that maternal inﬂuence is critical in the
neuroanatomy of their male offspring (168,297). Males with KS mothers have more MeA and BST
ERa, with KI males overexpressing ER not only in these areas, but also in the medial preoptic
area and ventral medial hypothalamus (168), which regulate sociosexual behavior. It has been
hypothesized that male offspring beneﬁt from displaying behavioral and mating patterns associated
with their native population, resulting in selection favoring the expression of maternal inﬂuences
(168). Second, many of the differences are in the brainstem reticular activating system, which is
associated with arousal (315) and cognition (316) and could play a role in differential expression
of the behavioral repertoire of males. Finally, there are differences in the prelimbic and anterior
cingulate cortices, medial and basal amygdala, and NAc core, which are associated with
sociosexual behavior, reward, and motivation, suggesting that brain architecture is associated with
differences in behavior.
2.5.2 Resting-State Functional Connectivity
As predicted, blood oxygen level–dependent rsFC varied signiﬁcantly between IL males
and KI males in nuclei and regions that are associated with social behavior, vigilance, reward, and
motivation. These included prefrontal cortex, amygdala, midbrain reticular formation within the
ventral tegmental area and the dorsal raphe, and the brainstem reticular activating system as well
as several other regions in intrathalamic connections, which are associated with signal processing.
rsFC results demonstrate the degree of differences between the IL males and KI males and suggest
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that understanding connectivity may be a key to understanding the ultimate expression of
behavioral differences.
Blood oxygen level–dependent rsFC has previously been examined in prairie voles,
describing base cortical and subcortical networks (169,282). While both studies state that voles are
a human-relevant model to understand networks involved in the organization and expression of
prosocial behavior, neither study presented ﬁndings of what these connections/pathways are or
drew conclusions based on comparisons with other species. While we did not address the
association between FC and higher-order prosocial behavior regulation, i.e., the process of pair
bond formation or functional responses of males to their partners, our results do provide insight
into the areas of connectivity that may play a critical role because we compared two behaviorally
distinct groups of males. The males display signiﬁcantly different levels of prosocial behavior and
aggression (297), which are associated with differential expression of the underlying neural
mechanisms (168,297). We analyzed rsFC in the BST, MeA, and PVN. These three nuclei play a
critical role in regulating social behavior and processing external social stimuli. The PVN is the
primary site of production of central neuropeptides involved in the expression of prosocial
behavior (313). The PVN has efferent connections with nuclei in the social and reward circuits,
releasing oxytocin, vasopressin, and corticotropin-releasing factor. There is also a relationship
between the expression of vasopressin and ER in the PVN that may play a critical role in male
prosocial behavior (313). Both the BST and MeA receive direct inputs from the olfactory system,
with the MeA playing a critical role in social recognition and memory (208). Both nuclei are part
of the social neural network (169) and play critical roles in regulating pair bond formation and
male paternal behavior (89,103,243). Low levels of ER in the BST (103) and MeA (102) are
essential for the expression of vole male prosocial behavior. Together these studies indicate that if
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male prosocial behavior is associated with higher-order connectivity, these nuclei would be highly
likely to have differential connectivity with other regions.
While this study was not designed to relate connectivity with behavioral repertoires, the
results do suggest an important role of the PVN, BST, and MeA. In all three regions, IL males had
more signiﬁcant connections than KI males. In the PVN and BST, all the FC in KI males occurred
in IL males, with IL males having 2 times more in the PVN and more than 5 times as much in the
BST. In contrast, KI males and IL males shared several connections with the MeA, but KI males
also displayed connections within the amygdaloid complex, central and extended amygdala, that
were not observed in IL males. The central amygdala plays a critical role in fear regulating social
interactions (317), suggesting a potential area of interest in regulating social interactions in KI
males. In terms of connectivity with the amygdala, IL males show connections with the anterior
amygdala from the MeA and BST, while KI males show signiﬁcant FC only between the MeA and
anterior amygdala. Another region associated with the social neural network, the medial preoptic
area (169), is functionally associated with the PVN and BST, but again only in IL males. Multiple
node connections were also seen with the NAc, which is involved in motivation and reward. KI
males and IL males show connectivity between the BST and NAc core; however, only IL males
displayed connectivity with the NAc shell, MeA, and BST. This is an important distinction, as the
NAc shell, but not the core, is involved in pair bond formation (242). IL males displayed signiﬁcant
connectivity between the anterior hypothalamus and all 3 nodes, while KI males showed
connectivity only with the MeA. Only IL males displayed PVN and MeA connectivity with the
hippocampus, with both nodes being connected with the dentate hippocampus. The dentate
hippocampus plays a critical role in learning and memory (318), which is important for social
interactions. In addition, IL males showed connectivity of CA1 and CA3 and the MeA. These
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regions are involved in spatial and contextual memory (319). It should be noted that while KI
males display signiﬁcantly lower levels of prosocial behavior, they are capable of displaying
behaviors associated with social monogamy, suggesting that KI/IL shared nodes of connectivity
may be critical for the minimum expression of the necessary prosocial behaviors.
In conclusion, there are signiﬁcant differences in microarchitecture and rsFC between
culturally distinct prairie voles. The present ﬁndings strongly suggest that higher-order brain
organization plays a critical role in expression of prosocial behavior. Further studies are needed to
fully understand the structural differences and their role in expression of prosocial behavior and
bond formation, including examining brain architecture in KS prairie voles to understand maternal
inﬂuence on male offspring brain organization. Finally, our ﬁndings suggest that prairie voles are
a potentially powerful model for studying microarchitecture and FC as well as a translational
rodent model for studying social behavior and social deﬁcit disorders.
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Chapter 3: Functional Connectivity Differences Between Two Culturally Distinct Prairie
Vole Populations: Insights into the Prosocial Network
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3.1 ABSTRACT
The goal of this study was to elucidate the fundamental connectivity, resting-state, within and
between nodes in the olfactory and prosocial core (PS) which permit the expression of social
monogamy in males and how differential connectivity accounts for differential expression of
prosociality and aggression. Using resting-state functional magnetic resonance imaging, we
integrated graph theory analysis

to compare functional connectivity between

two

culturally/behaviorally distinct male prairie voles (Microtus ochrogaster). Illinois males display
significantly higher levels of prosocial behavior and lower levels of aggression than KI males
(Kansas dam and Illinois sire), which are associated with differences in underlying neural
mechanisms and brain microarchitecture. Shared connectivity between the anterior hypothalamic
area (AHA) and the paraventricular nucleus and medial preoptic area and bed nucleus of the stria
terminalis (BST) with the nucleus accumbens core suggest essential relationships required for male
prosocial behavior. In contrast, Illinois males displayed higher levels global connectivity and PS
intra-core connectivity, a greater role for the BST and AHA, which were degree connectivity hubs
and greater PS & olfactory inter-core connectivity. These findings suggest that behavioral
differences are associated with PS core degree of connectivity and post-signal induction. This
transgenerational system may serve as powerful mental health and drug abuse translational model
in future studies.
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3.2 INTRODUCTION
Social monogamy is defined by a suite of prosocial behaviors, including selective
affiliation, the formation of long-term male/female pair bonds, bi-parental care and selective
aggression. Despite only occurring in 5-15% of mammalian species (53,145) it has been intensely
studied, in part because of its relevance to people, as humans are classified as socially
monogamous. Therefore, studies of the expression of these behaviors and the neural regulation in
other mammals are human and bio-medically relevant.
The socially monogamous prairie vole (Microtus ochrogaster) is the primary rodent model
for studying the neural mechanisms underlying the expression of prosocial behavior. Studies have
shown that multiple mechanisms, acting through at least two neural networks, social and reward,
are involved in regulating the expression of prosociality associated with social monogamy (241).
This has been accomplished by comparing prairie voles with closely related species that display a
spectrum of social organizations, ranging from even more prosocial pine voles (M. pinetorum)
(35) to polygynous montane voles (M. montanus) and meadow voles (M. pennsylvanicus) and
through experimental manipulation of the underlying mechanisms. Recently, prairie voles have
been used to study the role of higher brain organization and connectivity in the expression of
prosocial behavior.
Initial studies used blood oxygen level-dependent signaling (BOLD) resting-state
functional connectivity (rsFc) describe the base cortical and subcortical networks (282,302). While
these studies emphasize the importance of voles as a human-relevant model in understanding the
prosocial network, they neither presented data nor drew conclusions based upon comparisons with
other species as to what the specific connections or pathways were. A recent fMRI study examined
changes in male and female prairie vole brains associated with the formation of partner preferences
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and pair bonds (283). Our lab presented the first study using diffusion-weighted imaging (DWI)
and BOLD to show significant differences in microarchitecture and functional resting-state
connectivity between behaviorally/culturally distinct male prairie voles, suggesting that there is a
direct connection between higher-order brain function and the expression of prosocial behavior
(320). This was done by taking advantage of populational/cultural difference between prairie
voles, with Kansas (KS) voles displaying significantly lower levels of prosocial behavior and
higher levels of aggression than Illinois (IL) prairie voles (161). These differences are associated
with significant differences in the expression of the underlying mechanisms (105,167). Crossbreeding increases the difference, with KI males, offspring of KS mothers and IL sires displaying
the lowest levels of prosocial behavior and highest levels of aggression, while overexpressing
oxytocin and estrogen receptors (166).
Social behavior can be strongly influenced by a variety of factors, including experience,
environmental conditions, and context. Therefore, understanding the prosocial network requires
studying how the underlying neural mechanisms and networks are associated with functional
connectivity and functional outputs. In terms of understanding neural regulation of behavior,
functional magnetic resonance imaging (fMRI) allows for an examination of higher-order brain
organization and functional connectivity. However, there are significant challenges associated
with studying functional connectivity. First, as eloquently stated in a recent review by Bellucci
et.al (298), specific brain regions and connectivity in regulating prosocial behavior have been
“inferred” through single task-based fMRI studies.

Meaning that, in part, because of the

complexity of responses, we do not have a “map” of the regions involved, nor do we understand
their overall connectivity in producing complex social behaviors. Second, it is essential to compare
functional connectivity in closely related species, reducing evolutionary and genetic influences,
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and in model systems that express the appropriate behavior. For example, most rodent-based fMRI
studies use laboratory rats or mice, which are social but are based upon hierarchical (321,322), not
prosocial systems. Therefore, the goal of this study is to use fMRI data from culturally and
behaviorally distinct populations of prairie voles to examine higher-order brain organization and
functional connectivity that may be involved in both the regulation of and the differential
expression of male prosocial behavior.
Our goal is to use this model to investigate both the fundamental prosocial network as well
as how differential functional connectivity maybe involved in the degree of expression of prosocial
behavior. We hypothesized that the extent of connectivity within the “presumptive” prosocial
network will be correlated with the level of the expression of prosocial behavior. Specifically, we
predicted that there would be shared functional connectivity between IL and KI males that is
indicative of the fundamental prosocial network, while overall IL males will display greater
connectivity and a larger functional network than KI males. To test our hypothesis and predictions
we performed a detailed comparison of resting-state connectivity in three “networks/cores”
between IL and KI. We analyzed connectivity in the prosocial core (PS) and olfactory core (O),
two networks that play a critical role in the expression of behavior and sensory input. The
cerebellum was identified as our control “core,” that we predicted would be conserved across
groups. Our proposed PS core (Table 3.2.1) consists of nuclei/regions of the brain that have been
classified within the “social” network (169) and the reward network, as well as the anterior
hypothalamic areas (AHA) which plays a critical role in modulating the expression of aggression
(323,324), and associated with socially monogamous behaviors in prairie voles (105). Olfactory
cues play a critical role in sociosexual behavior, including social recognition and social memory
(169), and blocking olfactory cues disrupts the formation of partner preferences in prairie voles
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(325). The olfactory core (Table 3.2.1) consists of regions from the main olfactory system (MOS)
and the vomeronasal system (VNS). The MOS primarily detects volatile cues (326) while the VNS
is associated with non-volatile signal processing (327). We predict that the O core will be similar
in all males. A lack of differences would suggest that the expression of prosocial behavior is
regulated post-signal induction, while major difference would suggest that the processing of the
initial cues could play a critical role in the level of prosocial behavior.

Table 3.2.1: Regions/Nuclei of the Prosocial PS, Olfactory, and Cerebellar Cores
PS Core

O Core

Cerebellum

Accumbens Core
Accumbens Shell
Anterior Hypothalamic
Area
Bed Nucleus Stria
Terminalis
Dorsal Raphe

Anterior Olfactory Nucleus
Caudal Piriform Ctx

10th cerebellar lobule
2nd cerebellar lobule

Cortical Amygdaloid Nucleus

3rd cerebellar lobule

Endopiriform Nucleus
Entorhinal Ctx

4th cerebellar lobule
5th cerebellar lobule

Glomerular Layer Olfactory Bulb
Granular Cell Layer Olfactory
Bulb
Nucleus Lateral Olfactory Tract
Olfactory Tubercles
Rostral Piriform Ctx
Tenia Tecta Ctx

6th cerebellar lobule

Frontal Association Ctx
Medial Amygdaloid
Nucleus
Medial Preoptic Area
Paraventricular Nucleus
Tegmental Nucleus

7th cerebellar lobule
8th cerebellar lobule
9th cerebellar lobule
Crus Ansiform Lobule
Paraflocculus Cerebellum

Table 3.2.1: Regions/nuclei of prosocial PS, olfactory (O) and cerebellar cores. The
presumptive PS core consists of regions and nuclei associated with social (103,220,233) and
reward (242) networks O is a core of nodes that have been previously identified to contribute to
olfactory input (279). The cerebellar core consists of nodes within the cerebellar region.
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3.3 METHODS
Resting-state Functional Connectivity and Brain Network Estimation
The following procedure are the same as those previously used, for complete details see
(302,320). 111 nodes were produced using a vole-specific atlas. Pearson’s correlation coefficients
across all node pairs (6105) were computed per subject, assessing temporal correlations between
brain areas. r-values (-1 to 1) normality were improved using Fisher’s Z-transform. 111×111
symmetric connectivity matrices were constructed, each entry representing the strength of edge. A
|Z|=2.3 threshold was used to avoid spurious or weak node connections (328).
Network Analysis
Graph theory analysis was performed using GraphPad Prism version 9.0.0 for macOS,
GraphPad Software, San Diego, California USA, www.graphpad.com. All network analysis was
computed with Gephi (329), an open-source network analysis and visualization software. The
absolute values of connectivity matrices were imported into Gephi as binary, undirected networks.
Betweenness Centrality
Betweenness centrality (BC) measures instances where a node lies in the path connecting
other nodes. Nodes with high levels of BC often have a high degree of influence across the
network. Nodes with high BC are considered central “players” in the networks that are essential
for existing connections or pathways. Let nk𝑖,𝑗 be the number of pathways from i to j going through
k. Using these measures of connection, the BC of vertex k is:
𝑛𝑘

𝐵𝑘 = ∑𝑖𝑗 𝑛𝑖𝑗.
𝑖𝑗

Degree Centrality
Degree centrality (DC) measures the number of connections of a specific node (330) and
is often the first step into studying networks. A node with high DC has many connections to other

59

nodes in the network. Although an essential measure, DC does not identify the quality of the
connections, only the quantity. The binary DC is defined as:
𝑛

𝐶𝐷 (𝑗) = ∑ 𝐴𝑖𝑗
𝑗=1

where n is the number of rows in the matrix in the adjacency matrix A and the elements of the
matrix are given by Aij, the number of edges between nodes i and j.
Closeness Centrality
Closeness centrality (CC) measures the average distance from a given starting node to all
other nodes in the network (331). This measures the quality of the network node edges. A high
measure of CC implies that is, it is closer to other connected nodes. CC is defined as:
𝐶(𝑥) =

𝑁−1
∑𝑦 𝑑(𝑦, 𝑥)

where d(y,x) is the distance between vertices x and y and N is the number of nodes in the graph.
Hub Analysis
To understand overall neural organization and the underlying role the PS-Core
contribution to brain topology of IL/KI networks, we identified high-degree hubs. Previous
studies have identified high-degree hubs as nodes whose DC is greater than the network mean
plus one standard deviation and are considered as highly connected nodes (332–335). Nodes
within a degree hub are considered highly important for a network’s topological organization and
information flow (335).
Between Group Comparisons
Normality tests were first performed between group comparisons of all cores to
determine if parametric assumptions or non-parametric assumptions were needed. QuantileQuantile plots (GraphPad Prism) were used to assess the normality assumption. Additionally, we
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performed Shapiro-Wilk’s tests to assess the normality assumption (p-values > 0.05), hence
normality may be assumed. After validation of the normality assumption, paired t-tests were
used to compare measures of centrality in IL and KI populations. Wilcoxan signed rank (WSR),
nonparametric, tests were performed if the normality assumption was not met.
3.4 RESULTS
3.4.1 Global Network and Core Connectivity
The IL networks had an average diameter of 4 (a radius of 3 and an average path length of
2.299) with 1360 edges compared to KI networks with an average diameter of 5 (a radius of 3 and
an average path length of 2.542) with 930 edges. The relative degrees of global connectivity
differed significantly between males in a core-dependent manner. In the PS core, IL males had a
significantly higher global DC (mean + s.e. IL: 26 + 2.3; KI: 14 + 1.7; p=0.0009) and global CC
(mean + s.e. IL: 0.45 + 0.0072; KI: 0.38 + 0.012; p=0.0004) than the KI males, but there were no
significant differences in BC (mean + s.e. IL: 0.013 + 0.0023; KI: 0.011 + 0.0025; p=0.43) (Fig
3.4.1.1a-c). In contrast, there were no significant differences in any aspect of global connectivity
in the O-core; DC (mean + s.e. IL: 24 + 3.0; KI: 19 + 2.3; p=0.12), CC (mean + s.e. IL: 0.43 +
0.013; KI: 0.41 + 0.012; p=0.26) or BC (mean + s.e. IL: 0.011 + 0.0032; KI: 0.019 + 0.0041;
p=0.09) for IL or KI groups (Fig 3.4.1.1d-f), or with the cerebellar core; DC (mean + s.e. IL: 18 +
2.1; KI: 16 + 2.2; p=0.48), CC (mean + s.e. IL: 0.41+0.0097; KI: 0.40 + 0.0095; p=0.12) or BC
(mean + s.e. IL: 0.0092 + 0.0019; KI: 0.014 + 0.003; p=0.14)(Fig 3.4.1.1g-i).
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Figure 3.4.1.1: Global Network Analysis of the PS, O, and Cerebellar Cores
Figure 3.4.1.1: Global network analysis of IL (blue) and KI (orange) and Illinois for the PS
(a-c), O (d-f) and cerebellar (g-i) cores for the degree (a,d,g), closeness (b,e,h), and
betweenness (c,f,i) centrality. There were significant differences in the degree and closeness in
the PS core, with IL males showing a higher connectivity than KI males.
* = p<0.05.
Bars = min and max values.
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3.4.2 Intra-Core Analysis
Sparsification analysis of the PS core (Fig 3.4.2.1a), revealed that the IL network had a
significantly higher intra-network DC (mean + s.e. IL: 4.4 + 0.83; KI: 2.0 + 0.42; p=0.0312) (Fig
3.4.2.1b) and the AHA and BST (degrees:8) (S1) were classified as degree hubs (degree >7.03),
but not in KI males. When further examining the global connectivity of both the AHA and BST
nodal connections within the networks, there were similar nodal overlaps of connectivity, but the
IL AHA and BST nodes had more connections to surrounding nodes, than KI (S2). While there
were significant IL/KI differences, there was also commonality with both types of males showing
coupling between the AHA with the MPOA and PVN, while the BST was coupled with the NAc
core in both IL and KI networks. Table 3.4.2.1 provides a complete description of the IL/KI PS
core edges. Similar functional couplings/shared edges of nodes of both group’s PS cores are
italicized within Tables 3.2.1 and 3.4.2.1.
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Figure 3.4.2.1: PS Intra-Core Analysis and Connectivity
Figure 3.4.2.1: PS intra-core analysis and connectivity. (a) Shows a visual representation of the
IL (top left, blue) and KI (bottom left, orange) males PS networks and their respective intra-core
connections. Nodes (circles) represent neural regions distinguished using a prairie vole-specific
atlas (302) and connected nodes (edges) represent binary, undirected functional coupling
previously reported from resting-state connectivity matrices with a |z|=2.3 threshold applied (320).
The BST and AHA were classified as intra-PS core degree hubs in IL males. (b) The mean plus
the max and min values for the degree of centrality, with IL males showing a significantly higher
degree of centrality than KI males. Bars = min and max values.
= BST connections

# = degree centrality hub

= AHA connections

* = p < 0.05
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Table 3.4.2.1: Comparisons of IL and KI PS Core Connections
A)
IL PS Core Source Node
NAc Core
NAc Core
NAc Shell
NAc Shell
NAc Shell
AHA
AHA
AHA
AHA
BST
BST
BST
BST

Target Node
NAc Shell
BST
MeA
NAc Core
BST
MeA
MPOA
BST
PVN
MPOA
NAc Core
NAc Shell
AHA

Weight
3.9258
3.9741
2.3609
3.9258
2.7402
2.6044
3.9668
2.5015
3.9546
2.5356
3.9741
2.7402
2.5015

Dorsal Raphe
MeA
MeA
MPOA
MPOA
MPOA
PVN
PVN
Tegemental Nucleus

Tegmental Nuclues
NAc Shell
AHA
BST
AHA
PVN
MPOA
AHA
Dorsal Raphe

2.6356
2.3609
2.6044
2.5356
3.9668
3.0370
3.0370
3.9546
2.6356

Target Node
NAc Shell
BST
NAc Core
MPOA
PVN

Weight
3.6937
2.5619
3.6937
2.8405
3.5725

NAc Core
Tegemental
Nucleus

2.5619

B)
KI PS Core Source Node
NAc Core
NAc Core
NAc Shell
AHA
AHA
BST
Dorsal Raphe
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2.8560

MPOA
PVN

AHA
AHA

2.8405
3.5725

Tegemental Nucleus

Dorsal Raphe

2.8560

Table 3.4.2.1: Edge tables for the IL (A) and KI (B) PS core network. Source node (left) and the
target node (middle) for a specific region. Weight (right) indicates strength of coupling for a
specific edge. Italics indicate similar coupling with both networks. The calculation of the edge
weight was previously analyzed as the absolute values of BOLD functional coupling between
source and target region with a |z|=2.3 threshold applied (320).
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3.4.2 Intra-Core Analysis (cont.)
While there were no significant differences between males associated with the degree of
connectivity within the O core (Fig 3.4.2.2), a detailed intra-core node, sparsification analysis
revealed that while many of the regions shared the same connections with the other regions in all
males, all regions also either lacked or had additional connections not shared between IL and KI
males (Fig 3.4.2.2). For example, the endopiriform nucleus (EN) has connections to the rostral
piriform cortex, anterior olfactory nucleus (AON) and olfactory tubercles in both IL and KI males,
while having additional connections to the tenia tecta cortex (TT), caudal piriform cortex,
entorhinal cortex only in IL males. In contrast, the AON shows common connectivity with the
granular cell layer of the olfactory blub, glomerular layer of the olfactory bulb and TT of both
networks, while KI males also had a connection with the entorhinal cortex. Table 3.4.2.2 shows
all IL/KI O core edges. Intra-core analysis of the cerebellar core revealed a similar finding as in
the O core. Except for the 4th cerebellar lobule, which showed the same three connections in both
males, the other 10 regions, while sharing some connections, also showed exclusive connectivity
depending upon the type of male (Fig 3.4.2.3). For a complete description of IL/KI cerebellum
core edges see Table 3.4.2.3.
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Table 3.4.2.2: Comparisons of IL and KI O Core Connections
A)
IL O Core Source Node

IL Target Node

Edge Weight

Anterior Olfactory Nucleus
Anterior Olfactory Nucleus
Anterior Olfactory Nucleus
Anterior Olfactory Nucleus
Caudal Piriform Ctx
Caudal Piriform Ctx
Caudal Piriform Ctx
Caudal Piriform Ctx
Caudal Piriform Ctx
Cortical Amygdaloid Nucleus
Cortical Amygdaloid Nucleus
Cortical Amygdaloid Nucleus
Endopiriform Nucleus
Endopiriform Nucleus
Endopiriform Nucleus
Endopiriform Nucleus
Endopiriform Nucleus
Endopiriform Nucleus
Entorhinal Ctx
Entorhinal Ctx
Glomerular Layer Olfactory Bulb
Glomerular Layer Olfactory Bulb
Granular Cell Layer Olfactory
Bulb
Granular Cell Layer Olfactory
Bulb
Nucleus Lateral Olfactory Tract
Nucleus Lateral Olfactory Tract
Olfactory Tubercles
Olfactory Tubercles
Olfactory Tubercles
Rostral Piriform Ctx
Rostral Piriform Ctx
Rostral Piriform Ctx
Tenia Tecta Ctx
Tenia Tecta Ctx

Glomerular Layer Olfactory Bulb
Granular Cell Layer Olfactory Bulb
Tenia Tecta Ctx
Endopiriform Nucleus
Cortical Amygdaloid Nucleus
Rostral Piriform Ctx
Endopiriform Nucleus
Entorhinal Ctx
Nucleus Lateral Olfactory Tract
Tenia Tecta Ctx
Caudal Piriform Ctx
Nucleus Lateral Olfactory Tract
Rostral Piriform Ctx
Tenia Tecta Ctx
Anterior Olfactory Nucleus
Olfactory Tubercles
Caudal Piriform Ctx
Entorhinal Ctx
Endopiriform Nucleus
Caudal Piriform Ctx
Granular Cell Layer Olfactory Bulb
Anterior Olfactory Nucleus
Glomerular Layer Olfactory Bulb

2.5150
2.9128
4.2473
3.1251
3.2577
2.9061
2.4001
2.3166
3.2215
2.8246
3.2577
4.6441
4.9725
2.9583
3.1251
2.6479
2.4001
2.3349
2.3349
2.3166
4.5605
2.5150
4.5605

Anterior Olfactory Nucleus

2.9128

Cortical Amygdaloid Nucleus
Caudal Piriform Ctx
Rostral Piriform Ctx
Tenia Tecta Ctx
Endopiriform Nucleus
Endopiriform Nucleus
Olfactory Tubercles
Caudal Piriform Ctx
Cortical Amygdaloid Nucleus
Anterior Olfactory Nucleus

4.6441
3.2215
3.6701
3.2544
2.6479
4.9725
3.6701
2.9061
2.8246
4.2473
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Tenia Tecta Ctx
Tenia Tecta Ctx

Endopiriform Nucleus
Olfactory Tubercles

2.9583
3.2544

KI O Core Source Node

KI Target Node

Edge Weight

Anterior Olfactory Nucleus
Anterior Olfactory Nucleus
Anterior Olfactory Nucleus
Anterior Olfactory Nucleus
Anterior Olfactory Nucleus
Caudal Piriform Ctx
Caudal Piriform Ctx
Caudal Piriform Ctx
Cortical Amygdaloid Nucleus
Cortical Amygdaloid Nucleus
Cortical Amygdaloid Nucleus
Cortical Amygdaloid Nucleus
Endopiriform Nucleus
Endopiriform Nucleus
Endopiriform Nucleus
Entorhinal Ctx
Entorhinal Ctx
Glomerular Layer Olfactory Bulb
Glomerular Layer Olfactory Bulb
Glomerular Layer Olfactory Bulb
Granular Cell Layer Olfactory
Bulb
Granular Cell Layer Olfactory
Bulb
Nucleus Lateral Olfactory Tract
Olfactory Tubercles
Olfactory Tubercles
Olfactory Tubercles
Rostral Piriform Ctx
Rostral Piriform Ctx
Tenia Tecta Ctx
Tenia Tecta Ctx

Glomerular Layer Olfactory Bulb
Granular Cell Layer Olfactory Bulb
Tenia Tecta Ctx
Endopiriform Nucleus
Entorhinal Ctx
Cortical Amygdaloid Nucleus
Rostral Piriform Ctx
Entorhinal Ctx
Glomerular Layer Olfactory Bulb
Olfactory Tubercles
Caudal Piriform Ctx
Nucleus Lateral Olfactory Tract
Rostral Piriform Ctx
Anterior Olfactory Nucleus
Olfactory Tubercles
Anterior Olfactory Nucleus
Caudal Piriform Ctx
Cortical Amygdaloid Nucleus
Granular Cell Layer Olfactory Bulb
Anterior Olfactory Nucleus
Glomerular Layer Olfactory Bulb

2.3960
2.4482
3.3084
2.8961
2.5346
2.4178
2.5830
2.5406
3.0722
2.4662
2.4178
3.6502
3.0085
2.8961
2.3595
2.5346
2.5406
3.0722
3.2241
2.3960
3.2241

Anterior Olfactory Nucleus

2.4482

Cortical Amygdaloid Nucleus
Cortical Amygdaloid Nucleus
Tenia Tecta Ctx
Endopiriform Nucleus
Endopiriform Nucleus
Caudal Piriform Ctx
Anterior Olfactory Nucleus
Olfactory Tubercles

3.6502
2.4662
2.5253
2.3595
3.0085
2.5830
3.3084
2.5253

B)
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Table 3.4.2.2: Comparisons of IL and KI O core connections. Edge tables for the IL (a) and
KI (b) of nodes within the O core network. Source node (left) and the target node (middle) for a
specific region. Weight (right) indicates strength of coupling for a specific edge. Italics indicate
similar coupling with both networks The calculation of the edge weight was previously analyzed
as the absolute values of BOLD functional coupling between source and target region with a
|z|=2.3 threshold applied (320).
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Figure 3.4.2.2. O Intra-Core Analysis of IL and Connectivity
Figure 3.4.2.2: O intra-core analysis of IL and connectivity. (a) A visual representation of the
IL (top left, blue) and KI (bottom left, orange) males O core networks and their respective intracore connections. Nodes (circles) represent neural regions distinguished using a prairie volespecific atlas (302) and nodes connected by dashed lines (edges) represent binary, significant
undirected functional coupling previously reported from resting-state connectivity matrices with a
|z|=2.3 threshold applied (320). (b) The mean plus the max and min values for the degree of
centrality. There was no significant difference between males.
Bars = min and max values.
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Figure 3.4.2.3: Cerebellar Intra-Core Analysis and Connectivity
Figure 3.4.2.3: Cerebellar intra-core analysis and connectivity. (a) A visual representation of
the IL (top left, blue) and KI (bottom left, orange) male cerebellar core and their respective
connections. Nodes (circles) represent neural regions distinguished using a prairie vole-specific
atlas (302) and nodes connected by solid lines (edges) represent binary, significant undirected
functional coupling previously reported from resting-state connectivity matrices with a |z|=2.3
threshold applied (320). (b) Statistical analysis of the intra-core degree centralities of IL and KI
cerebellum. Bars = min and max values.
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Table 3.4.2.3: Edge Tables for IL and KI Nodes within the Cerebellum
A)
IL Cerebellum Source Node
10th cerebellar lobule
10th cerebellar lobule
2nd cerebellar lobule
2nd cerebellar lobule
2nd cerebellar lobule
3rd cerebellar lobule
3rd cerebellar lobule
3rd cerebellar lobule
3rd cerebellar lobule
4th cerebellar lobule
4th cerebellar lobule
4th cerebellar lobule
5th cerebellar lobule
5th cerebellar lobule
5th cerebellar lobule
5th cerebellar lobule
6th cerebellar lobule
6th cerebellar lobule
6th cerebellar lobule
7th cerebellar lobule
7th cerebellar lobule
7th cerebellar lobule
8th cerebellar lobule
8th cerebellar lobule
8th cerebellar lobule
9th cerebellar lobule
9th cerebellar lobule
9th cerebellar lobule
Crus ansiform lobule
Crus ansiform lobule
Crus ansiform lobule
Crus ansiform lobule
Paraflocculus cerebellum
Paraflocculus cerebellum

IL Target Node
5th cerebellar lobule
9th cerebellar lobule
3rd cerebellar lobule
Paraflocculus cerebellum
Crus ansiform lobule
4th cerebellar lobule
5th cerebellar lobule
2nd cerebellar lobule
Crus ansiform lobule
3rd cerebellar lobule
5th cerebellar lobule
Crus ansiform lobule
3rd cerebellar lobule
4th cerebellar lobule
10th cerebellar lobule
6th cerebellar lobule
5th cerebellar lobule
8th cerebellar lobule
7th cerebellar lobule
9th cerebellar lobule
8th cerebellar lobule
6th cerebellar lobule
9th cerebellar lobule
7th cerebellar lobule
6th cerebellar lobule
8th cerebellar lobule
7th cerebellar lobule
10th cerebellar lobule
3rd cerebellar lobule
4th cerebellar lobule
2nd cerebellar lobule
Paraflocculus cerebellum
2nd cerebellar lobule
Crus ansiform lobule
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Weight
2.5858
3.4292
3.0763
3.8435
2.6454
3.8725
4.1728
3.0763
3.5452
3.8725
4.3375
2.5871
4.1728
4.3375
2.5858
4.1358
4.1358
2.3446
4.1226
2.4542
4.0283
4.1226
3.7564
4.0283
2.3446
3.7564
2.4542
3.4292
3.5452
2.5871
2.6454
2.7090
3.8435
2.7090

B)
KI Cerebellum Source Node
10th cerebellar lobule
10th cerebellar lobule
10th cerebellar lobule
2nd cerebellar lobule
2nd cerebellar lobule
3rd cerebellar lobule
3rd cerebellar lobule
3rd cerebellar lobule
3rd cerebellar lobule
3rd cerebellar lobule
4th cerebellar lobule
4th cerebellar lobule
4th cerebellar lobule
5th cerebellar lobule
5th cerebellar lobule
5th cerebellar lobule
5th cerebellar lobule
6th cerebellar lobule
6th cerebellar lobule
7th cerebellar lobule
7th cerebellar lobule
7th cerebellar lobule
8th cerebellar lobule
8th cerebellar lobule
8th cerebellar lobule
9th cerebellar lobule
9th cerebellar lobule
9th cerebellar lobule
9th cerebellar lobule
Crus ansiform lobule
Crus ansiform lobule
Crus ansiform lobule
Crus ansiform lobule
Crus ansiform lobule
Crus ansiform lobule
Crus ansiform lobule
Paraflocculus cerebellum

KI Target Node
3rd cerebellar lobule
9th cerebellar lobule
Paraflocculus cerebellum
3rd cerebellar lobule
Paraflocculus cerebellum
4th cerebellar lobule
5th cerebellar lobule
10th cerebellar lobule
2nd cerebellar lobule
Crus ansiform lobule
3rd cerebellar lobule
5th cerebellar lobule
Crus ansiform lobule
3rd cerebellar lobule
4th cerebellar lobule
Crus ansiform lobule
6th cerebellar lobule
5th cerebellar lobule
7th cerebellar lobule
8th cerebellar lobule
Crus ansiform lobule
6th cerebellar lobule
9th cerebellar lobule
7th cerebellar lobule
Crus ansiform lobule
8th cerebellar lobule
10th cerebellar lobule
Paraflocculus cerebellum
Crus ansiform lobule
3rd cerebellar lobule
4th cerebellar lobule
5th cerebellar lobule
9th cerebellar lobule
8th cerebellar lobule
7th cerebellar lobule
Paraflocculus cerebellum
9th cerebellar lobule
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Weight
2.3371
2.9537
2.9108
2.3172
3.1095
3.4098
2.8347
2.3371
2.3172
3.4571
3.4098
3.0088
2.6092
2.8347
3.0088
2.3798
3.2909
3.2909
4.0591
2.9504
2.9121
4.0591
3.1713
2.9504
2.8941
3.1713
2.9537
2.5591
2.4606
3.4571
2.6092
2.3798
2.4606
2.8941
2.9121
3.2676
2.5591

Paraflocculus cerebellum
Paraflocculus cerebellum
Paraflocculus cerebellum

10th cerebellar lobule
2nd cerebellar lobule
Crus ansiform lobule

2.9108
3.1095
3.2676

Table 3.4.2.3: Edge tables for the IL (a) and KI (b) of nodes within the cerebellum. Source
node (left) and the target node (middle) for a specific region. Weight (right) indicates strength of
coupling for a specific edge. Italics indicate similar coupling within both networks.

The

calculation of the edge weight was previously analyzed as the absolute values of BOLD functional
coupling between source and target region with a |z|=2.3 threshold applied (320).
3.4.3 PS + O Inter-Core Connectivity
Next, we analyzed the relationship and relative levels of degree of connectivity between
the O and PS cores in IL and KI males (Fig 3.4.3.1a). There were significant differences in the
degree of connectivity, with IL males displaying a significantly higher integrated-network DC
(mean+s.e. IL: 8.4+0.82; KI: 5.0+0.63; p=0.0001) (Fig 3.4.3.1b) and with specific PS
nuclei/regions. In IL, but not KI, males, the NAc shell (degree:14) and EPN (degree: 18) were
classified as DC hubs (hub:>12.15 degrees) (S3). Additionally, IL males showed an exclusive
connection from the O core to the NAc core, AHA, MPOA, and PVN (Table 3.4.3.1), while
connections to the NAc shell, frontal association cortex and the MeA were similar in both IL and
KI.
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Figure 3.4.3.1: Inter-core Analysis of Degree of Connectivity Between the O Cores and PS Cores
Figure 3.4.3.1: Inter-core analysis of degree of connectivity between the O cores and PS
cores. Nodes (circles) represent neural regions distinguished using a prairie vole-specific atlas
(302) and nodes connected by dashed lines (edges) represent binary, significant undirected
functional coupling (gray represent O, black PS) previously reported from resting-state
connectivity matrices with a |z|=2.3 threshold applied (320). (a) The outer circle of nodes (blue;
IL, orange; KI) are the PS core and the inner circle are nodes from the olfactory core (red). IL
males the NAc shell and the EPN were classified as inter-core degree centrality hubs. (b) Shows
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the mean plus the max and min values for the PS + O inter-core networks. IL males showed a
significantly higher degree of inter-core centrality than KI males.
= Inter-core connectivity
# = degree centrality hub
* = p < 0.05.
Bars = min and max values.
Abbreviations AHA (anterior hypothalamic area); AON (anterior olfactory nucleus); BST (bed
nucleus stria terminalis); BST, cPC (caudal piriform cortex); COA (cortical amygdaloid nucleus);
DR (dorsal raphe); EC (entorhinal ctx); EPN (endopiriform nucleus); FrA (frontal association
cortex); GLOB (glomerular layer olfactory bulb); GCOB (granular cell layer olfactory bulb); MeA
(medial amygdaloid nucleus); MPOA (medial preoptic area); NAcc (accumbens core); NAcs
(accumbens shell); NLOT (nucleus lateral olfactory tract); OTu (olfactory tubercles); PC (piriform
cortex); PVN (paraventricular nucleus); rPC (rostral piriform cortex); TN (tegmental nucleus); TT
(tenia tecta cortex).
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Table 3.4.3.1: Nodal Connections of the Olfactory Core in IL and KI PS Cores
Region of Interest
Accumbens Core
Accumbens Shell
Anterior Hypothalamic Area
Bed Nucleus Stria Terminalis
Dorsal Raphe
Frontal Association Ctx
Medial Amygdaloid Nucleus
Medial Preoptic Area
Paraventricular Nucleus Hyp
Tegmental Nucleus

Connect to IL O Core?
Connected*
Connected
Connected*
Not Connected
Not Connected
Connected
Connected
Connected*
Connected*
Not Connected

Connect to KI O Core?
Not Connected
Connected
Not Connected
Not Connected
Not Connected
Connected
Connected
Not Connected
Not Connected
Not Connected

Table 3.4.3.1: Nodal connections of the olfactory core in IL and KI PS cores. Asterisks indicate
population-exclusive nodal connections (IL; NAc core, AHA, MPOA, and PVN. KI; none).
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3.5 DISCUSSION
Graph theory analysis on resting-state fMRI data has emerged to be a powerful tool for
uncovering large-scale neural organization and topological properties (336). Furthermore, graph
theory-based neural network modeling has been implemented in various clinical studies examining
aging (337–339), Alzheimer’s disease (340,341), attention-deficit hyperactivity disorder (342–
344) and addiction (345–347). The overarching goal of this study was to use the IL/KI prairie vole
model to elucidate the fundamental connectivity, via resting-state, required for the expression of
male prosocial behavior as well as how differential connectivity is linked to overall patterns of
social behavior between males. We did this by conducting a detailed analysis of two major brain
“cores”, the olfactory, which processes external cues from conspecifics and the prosocial, involved
in directing responses and developing attachments. As predicted, IL males displayed greater
global connectivity in the prosocial core than KI males. Our findings also suggest that degree of
connectivity between the olfactory and prosocial cores plays a critical role in the differential
expression of male behavior. Specifically, while the global connectivity of the O core is similar
in both males, IL males displayed a higher degree of connectivity between the O and PS cores.
These results are consistent with our previous study that compared group-differences in gray
matter microarchitecture and functional connectivity in selective nuclei associated with social
behavior in KI and IL groups (320).
3.5.1 Prosocial Core
While critical in understanding the expression of prosocial behavior, the “prosocial”
core/network has not been fully defined, especially as a functionally connected network. This is
in a part because the network has been “inferred” through single task-based fMRI studies (298)
and it involves many behaviors. We defined the prosocial core (Table 3.2.1) based upon studies

79

of the mechanisms and brain regions associated with the expression of social monogamy (105),
which play a role in the expression of prosocial behavior or selective aggression.
While there were both global and intra-connectivity differences in the PS between males,
areas of commonality may be important for understanding the fundamental connections permitting
male prosocial behavior. Males shared connectivity between the PVN and the MPOA with the
AHA, the NAc core with the shell and BST and between the TN and DRN. All of which play a
role in the expression of prosocial behavior which has been associated with one or more of the
underlying neural mechanisms. While not excluding the importance of other PS areas these
common associations suggest that they may represent essential interaction for the expression of
prosocial behavior.

If this hypothesis is correct then disruption, altering the underlying

mechanisms or connectivity, should inhibit the expression of male prosocial behavior. It is
important to remember that social monogamy represents a suite of behaviors, so while as a
collective they may represent the fundamental network of expression, they may still regulate
different behavioral aspects. Clues to this may lie in differences between males.
The differences between IL and KI males (Fig 3.4.2.3) suggest that the differences in the
degree of connectivity may be associated with relative degree of connectivity between
regions/nuclei. There are several differences that stand out between IL and KI males. 1. The
degree of connectivity differed significantly between the two types of males. 2. While KI males
only displayed significant connectivity between the areas mentioned above, IL males, with the
exception of the frontal cortex association, showed a significant degree of connectivity between
each region/nuclei with one or more other regions/nuclei within the PS core (Fig 3.4.2.2a). 3. In
IL, the BST and AHA nodes were classified as DC hubs. These two regions may be critical for the
expression of IL male prosocial behavior, where males show low levels of male/male aggression
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compared with Kansas (162) and KI males, as well as higher degrees of alloparental behavior than
females (348). The IL BST has a significant degree of connectivity with MPOA, NAc core and
AHA. In turn the AHA and the NAc shell have connectivity with the MeA. The BST and AHA
may represent critical nodes. The BST receives afferent neural connections from the olfactory
bulbs and plays a role in the expression of both paternal behavior and the formation of partner
preferences (87,222). Additionally, low levels of estrogen receptor alpha (ERα) in the BST and
MeA have been directly linked to the expression of high levels of male prosocial behavior in prairie
(IL-origin), pine, and mandarin voles and dwarf hamsters (35), while KI prairie voles have
significantly higher expression of ERα (168). Enhancement of ERα, BST (103) or MeA (102),
disrupted IL male prosocial behavior, while under field conditions decreasing MeA ERα in KI
males increased the expression of social monogamy (226). The AHA, which regulates aggressive
and avoidance behaviors (46,233), is significantly integrated with prosocial behavior regions.
Interestingly while KS and KI males display higher levels of male/male aggression than IL males,
IL males display very high levels of selective aggression, post pair-bonding/mating, that is directed
at both males and females (222). Therefore, greater integration may be required to coordinate
aggression with the formation of social attachments. Finally, regulation of the AHA is associated
with arginine vasopressin (AVP), one of the main neuropeptides associated with expression of
male prosocial behavior. In sexually naïve males, activation of AHA V1a receptors (V1aR)
increased aggression toward novel conspecifics, while V1aR diminished selective aggression in
pair-bonded males (71). These findings suggest that the BST and AHA could play a greater role
in regulating IL male prosocial behavior through increased integration within the PS core.
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3.5.2 Olfactory Core & Integration with PS Core
The result of the analysis of the O core presents a couple of interesting findings. 1. There
were no significant global differences between males, which suggests that the function of olfactory
core, within prairie voles, may be similar to all rodents, and that initial olfactory cues may be
evolutionarily conserved across groups. This is consistent with well-established findings that the
neural organization for detecting conspecific odors is conserved in a phylogenetically broad array
of mammals (349,350). 2. Intra-core connectivity differed between IL and KI. Of the 11 O core
only the granular cell layer of the olfactory bulb had the same connectivity in IL and KI. In contrast
all other areas showed differential connectivity, i.e., in KI and IL, the olfactory tubercles have
connectivity with three regions, sharing connectivity with the EN and the TT, but third being the
rostral piriform ctx in IL and the cortical amygdaloid nucleus in KI. This suggests that integration
and signal processing may differ between the males and could ultimately influence the response
to individuals.
Given the critical role of olfaction in sociosexual behavior we analyzed the O and PS cores
inter-network dynamics. We first analyzed the degree of connectivity between cores. IL males
showed a greater degree of inter-network connectivity than KI males. An examination of which
regions of the PS core were exclusively connected to the O core revealed that IL, unlike KI, males
showed significant, exclusive connectivity between the O core and the NAc core, AHA, MPOA,
and PVN. Several of these regions, including the PVN, MPOA, and AHA, are associated with
male linked to pair-bonding (233). The PVN is a primary site of the production of neuropeptides
associated with prosocial behavior (313) and contains efferent connections with regions associated
with social and reward circuits. It has been previously shown that there is a relationship between
the expression of AVP and ER in the PVN that may contribute to the regulation of male prosocial
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behavior (313). The MPOA has been identified to play a role in the male social neural network
(169). Overall, these findings strongly suggest that post-signal processing plays a critical role in
stimulating degree of prosocial response and may explain differences not only in degree of
behavioral responses, but also the timing as sexually naïve paired KS males and females mate
sooner than IL naïve pairs (351).
3.5.3 Cerebellar Core
The cerebellar core was included as a control core, based upon the prediction that
connectivity would be the same in IL and KI and IL. The findings, however, may be more
informative, as the cerebellum is important in the regulation of cognitive functions, such as
sensory processing, discrimination and spatial learning (352). Analyses of the cerebellar core
were similar to the O core, with no global network differences, while the pattern of intra-core
connectivity differed between males. Of the 11 cerebellar core components only the 4 th
cerebellar lobe had the same number, three, and regions of connectivity. Differential integration
between males may represent a potential factor in mating strategy. KS males typically have
larger home ranges than IL males (163). In studying the role of ERα in the expression of social
monogamy KI males it has been shown that inhibiting MeA-ERα results in a higher degree of
social monogamy and a reduction in home range (226). Although attempts under natural-field
conditions to link V1aR expression to social monogamy have been limited one of the major
findings has been a critical role in spatial perception and usage (262). Taken together these
studies suggest that while the cerebellar core is not directly involved in the expression of
prosocial behavior and aggression, it could be indirectly involved by influencing spatial use and
movement patterns associated with mating strategies.
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In conclusion, there are significant differences within the networks of culturally distinct
prairie vole populations. This includes global network differences, within cores differences and
core integration. Differences within intra- and inter-network connections that organize differences
in higher-order brain processes are critical in regulating the expression of prosocial behavior even
within a species. Like humans, prairie voles display dramatic differences in social behavior based
on culture/populational backgrounds. The differences between KI and IL strongly suggest
potential vulnerabilities to mental health issues. Past research has proposed the prairie vole as a
translational animal model for examining depression (292), autism (305) and addiction (306).
Understanding how cultural factors play a role in these disorders is critical for future research.
Future effort should include analysis of the KS prairie vole connectivity, which will help better
understand the role of maternal influences on higher brain order organization and connectivity.
Based upon the overexpression of several of the underlying mechanisms and the strong correlation
with the maternal population of the behaviors and mechanisms (102,166) we would predict that
KS males will express some additional relationships not observed in KI males, but seen in IL
males, and be more similar to KI males. Lasty, future studies should examine connectivity
differences among population-specific and hybrid female offspring. This would provide us with a
broader scope of transgenerational neural organization.
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Chapter 4: Comparative Genomic Analysis of Two Phenotypically Distinct Prairie Vole
Populations and F1 Hybrids Using ddRADseq
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4.1 ABSTRACT
Understanding the underpinning causes and how genetics and the environment dictate
intraspecific differences in displayed parental behavior(s) remains limited. For example, prairie
vole (Microtus ochrogaster) populations from Illinois and Kansas are known to display
significantly different behavioral aptitudes, with the former showing higher levels of prosocial
behavior and low levels of aggression. Moreover, behavioral patterns of hybrids of the two
populations support the presence of transgenerational parental influences. While research has
examined the neurological roles involved in the regulation of prosocial behavior, little has been
done to research how genetics influences the probability of trait display. Here, I examine
population structure and identify genomic regions that may be under divergent selection among
known Kansas and Illinois prairie voles, as well as their F1 hybrids to determine whether genomic
inheritance patterns explain displayed behavior. Towards this end, I conducted partial-genome
sequencing and examined 7,813 autosomal, 202 X-chromosome loci, and 11 Y-chromosome loci
for 101 samples and examined population structure, genes under selection, and molecular
associations with prosocial behavior. Whereas I provide evidence that Kansas and Illinois prairie
voles are genetically structured, I conclude that the majority of the observed genomic variation is
due to neutral processes (i.e., genetic drift). Nevertheless, I do recover a small number of putative
outlier genes. Among 10 putative outliers, one was linked to the protransforming growth factor
alpha gene known to have a function in aggressive behaviors. However, despite finding a gene
that appears to be important and associated with prosocial behavior, I posit that prosocial behavior
is unlikely strictly genetics, but likely a combination of environment and genetics and that this
phenotype is potentially controlled by many genes with small effects. Future research will benefit
from a targeted approach to sequence through the protransforming growth factor alpha gene, as
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well as full genome sequencing of parental and hybrid individuals to understand the role(s) that
genes with large versus small effect may influence prosocial behavior.
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4.2 INTRODUCTION
It has been proposed that parental “competitive” investments ultimately shape the outcome
of the offspring, and thus have significant evolutionary fitness outcomes (353). In polygynous
species, the parental input or “competition” is minimal for males (mostly contributing to the
gamete), while female “competition” is significantly higher as females solely rear and provide care
for the offspring. In socially monogamous biparental species, it was originally postulated that the
parental “competition” would be non-existent. While this may be true when examining
phenotypical biparental behaviors, it can be observed that there is still parental competition
occurring at the genomic level. Laboratory studies have examined the role of parent-of-origin
competition in highly prosocial species. For example, studies using the socially monogamous
mouse (Peromyscus polionotus) found that parental genomic competition influences the offspring
phenotype. Females from a specific population “silenced” the expression of Igfr2, a growth factor
exclusively derived from the paternal genomic lineage (259). The silencing of Igfr2 decreases the
chance of birthing larger offspring, and thus potentially requiring less environmental resources for
offspring upbringing. Conversely, when a male P. polionotus was cross bred with the polygynous
P. maniculatus, the results demonstrated a production of over-sized offspring (260,261). Whereas
the probability of offspring displaying particular social traits is the likely product of both
environment and genetics (354), studies teasing these two aspects apart to understand the
underpinning causes remain limited.
Like in other species of Microtus (355), socially monogamous prairie voles (Microtus
ochrogaster)

display

significant

differences

in

social

behavior

based

on

derived

populations/environments (160,162). In fact, intraspecific variation in displaying bi-parental care
(160) and selective aggression (162) exist among prairie voles. In short, prairie voles originating
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from Illinois (IL) are highly prosocial, while Kansas (KS) prairie voles are significantly less social
(160–162). This prosocial trait expression has been linked to the expression of specific neural
mechanisms in brain where KS voles display high ERα expression in regions relevant to prosocial
behavior, such as the medial amygdala (MeA) and the bed nucleus of the stria terminalis (BNST)
(168). Additionally, parent-of-origin influences are evident where crossbred F1 KS x IL hybrids
are recovered with significant differences in social behavior and neural expression as compared to
their parent populations (166). Specifically, male F1 offspring follow the social behavioral patterns
of the maternal lineage, while the female F1 offspring follow social behavioral patterns somewhat
similar to the paternal lineage (166). The most dramatic hybrid offspring differences are seen in
male offspring of KS dams and IL sires (a.k.a. KI individuals) in which KI males display an
exaggerated maternal KS phenotype and overexpression of ERα, while male offspring from IL
dams and KS sires (a.k.a IK individuals) show an intermediate IL phenotype (166). The apparent
association between the parental lineage and probability of trait display suggests that these traits
must also be at least partially explained by an individual’s genetics. In general, the expression and
modulation of prosocial behavior has been proposed to be influenced by a suite of mechanisms
that involve estrogen, oxytocin (OT), vasopressin (VP), and their respective receptors (34,356).
While some non-coding regions of each of the OT and VP genes were found to be positively
associated with social behavior (262,263,357), other molecular explorations were not (168). Thus,
despite these efforts, studies into the genetic underpinning of social behavior remain limited.
Our lab examined the differences in neural microarchitecture of the male prairie vole (
KS x

IL) hybrids versus IL males. Our analysis revealed dramatic neural restructuring of

regions relevant to prosocial behavior and vigilance (320). Moreover, examining global network
topography through graph theory analyses revealed that (1) there are parental-based influences in
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offspring behavior and neuronal expression that (2) dramatically reorganize the brain, and that (3)
these differences may be influenced through non-genomic, epigenetic factors (including
environment), as well as parental genetic imprinting (Cushing unpublished data). Together, the IL
x KS prairie vole system is ideal to study the potential genetic underpinnings of social behavior.
Towards this end, I conduct the first genomic assessment between parental and hybrid IL x KS
prairie voles to determine whether any genetic variants may indeed be associated with prosocial
behavior.
I used the double digest restriction-site associated DNA (ddRAD-seq) method to attain a
partial genome representation of thousands of genetic markers across 101 samples. I analyzed the
data for evidence of population structure between the two parental populations of prairie voles,
and conduct genomic scans of selection between each parental population and the variety of hybrid
combinations. I then identified function for putatively non-neutral loci to determine whether any
of the isolated variants may indeed be associated with prosocial behavior. I expect to find some
level of population structure given behavioral differences between IL and KS prairie voles (160–
162). Next, while the majority of the isolated ddRAD-seq loci are expected to be neutrally or
nearly-neutrally evolving (270), I predict that genetic regions associated with prosocial behavior
to be identified as under directional selection.
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4.3 MATERIALS AND METHODS
4.3.1 Sampling and DNA Extraction
Liver or kidney tissue of 101 prairie voles were sampled from the University of Akron
(Akron, Ohio, USA) and included Kansas-origin voles (N=18), Illinois-origin voles (N=25),
Kansas-Illinois hybrids (Kansas dam, Illinois sire) (N=34), and Illinois-Kansas hybrids (Illinois
dam, Kansas sire) (N=24). DNA extraction was accomplished using DNeasy Blood and Tissue Kit
(Qiagen, Valencia, CA) according to manufacturer's instructions.
4.3.2 ddRAD-Seq Library Preparation and Bioinformatics
After DNA extraction, I followed ddRAD-sequencing library protocols outlined in
DaCosta and Sorenson (358)(also see Lavretsky et al. (359). In the end, barcoded libraries were
pooled in equimolar concentrations, and 150 base pair, single-end sequencing was completed on
an Illumina HiSeq X with Novogenetics (Sacramento, CA, USA).
Reads were de-multiplexed and processed as outlined by DaCosta and Sorenson (358)
(access to python script is available at: https://github.com/BU-RAD-seq/ddRAD-seq-Pipeline) and
Lavretsky et al. (359). By utilizing sequence similarity and genomic position by BLAST, this
pipeline clusters de-multiplexed and filters reads into putative loci, aligns reads within each
putative locus, and infers genotypes for individual samples at each locus. To establish a high
minimum sequencing depth to score alleles, final FASTA output files were generated using custom
python scripts with a minimum sequencing depth of 5x per allele (and 10x per genotype (360)).
Autosomal, Y-linked, and X-linked locimarkers were established by aligning a reference sequence
across

ddRAD-seq

markers

to

the

prairie

vole

genome

(https://www.ncbi.nlm.nih.gov/assembly/GCF_000317375.1/). Any locus that did not have a
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perfect match to the prairie vole genome were included in analyses as unplaced autosomal,
unplaced X-chromosome, or unplaced Y-chromosome loci.
4.3.3 Population Structure and Genetic Diversity
We first explored population structure and identified highly related individuals through coancestry analyses as implanted in the fineRADstructure program(361). Briefly, fineRADstructure
implements RADpainter that examines the sequences of all SNPs from each RAD locus and
calculates the nearest relative(s) from each allele. Next, fineRADstructure uses fineSTRUCTURE,
which is a Markov chain Monte Carlo (MCMC) clustering algorithm (362) to then derive a coancestry matrix and a posterior population assignment probability tree of all examined samples.
FineRADstructure was run with a burn‐in of 100,000 steps followed by 100,000 MCMC iterations,
and with default tree building parameters (https://github.com/millanek/fineRADstructure). In
order to limit biases due to high relatedness when running FST-based outlier searchers (363), I used
a single individual for each group with very high co-ancestry (i.e., siblings).
Finally, composite estimates of relative differentiation (ΦST) and nucleotide diversity (π)
were calculated for each prairie vole parental population and their hybrids using the R package
PopGenome (364).
4.3.4 Outlier Detection
Putative outlier loci were detected with two separate analyses. First, I calculated relative
differentiation (ΦST) per-locus and across pair-wise populations using the R package
PopGenome(364). All loci were then aligned by chromosomal location and those loci with Φ ST
estimates above the 95% confidence interval were considered as potential outliers. These
Manhattan plots were created using GraphPad Prism version 9.2.0 for macOS, GraphPad Software,
San Diego, California USA, www.graphpad.com. Next, we used a hierarchical Bayesian
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simulation-based model of analysis via BayeScan v. 2.1(365) to further examine loci under
divergent selection. In short, BayeScan implements a reversible‐jump MCMC method that
calculates posteriori probability to each locus resulting from a comparing FST distribution models
with and without selection across loci. Additionally, BayeScan differentiates between
positive/diversifying selection (α > 0) and balancing/purifying selection (α < 0). 0). The prior odds
parameter for the neutral model was set at log10(10) (Posterior Odds 1.0). Outliers were identified
by using a probability of false discovery (qval) of 0.05.
Finally, we used the Basic Local Alignment Search Tool (BLAST)(366) for any putative
outliers to search identify these regions and any extract gene annotations within 3,000,000 basepairs of the recovered locus. Note BLAST was done using the annotated prairie vole reference
genome (taxid:79684). BLAST selection criteria were optimized to display sequences with >95%
base-pair matching.
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4.4 RESULTS
A total of 8,026 ddRAD-seq loci were recovered, of which there were 7,813 autosomal loci
(983,672 base-pairs, 38,609 SNPs), 202 X-chromosome linked loci (25,913 base-pairs, 552 SNPs),
and 11 Y-chromosome linked loci (1,512 base-pairs, 19 SNPs) (Table 4.4.1; Figure 4.4.1). Across
samples, we attained an average median depth sequencing of 177 reads per locus (median
sequencing range = 33 – 188 reads/locus/individual). On average, alleles were scored for 96% of
individuals per locus (range = 88%–98% reads/locus/individual).

Table 4.1.1: Descriptive Statistics of the Corresponding ddRAD Sequences
Loci

Base-Pairs

Polymorphisms

SNPs

Indels

Autosomal

7,813

983,672

43,488

38,609

4,880

X

202

25,913

632

553

79

Y

11

1,512

20

19

1

TOTALS

8,026

1,011,097

44,140

39,181

4,960

Table 4.1.1: Descriptive statistics of the corresponding ddRAD sequences. Total number of loci,
base-pairs, polymorphisms, SNPs, and Indels for autosomal and X and Y chromosomes.
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Figure 4.4.1: Autosomal Loci and X Loci Fst Values
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FST

0.0

4.4.1 Population Structure and Genetic Diversity
Co-ancestry estimates derived from fineRADstructure analysis were based on 39,609 biallelic ddRAD-seq autosomal SNPs only. First, IL and KI parental populations showed evident
population structure that was further supported by a relative differentiation (ΦST) estimate of ~8%.
Next, across all samples, we recovered 12 major sibling groups (Figure 4.4.1.1). Thus, filtering
out all but one sample per sibling group resulted in a final filtered dataset of 40 non-sibling samples
that included 9 IL parental, 8 KS parental, 13 KI hybrids, and 10 IK hybrids; and were used in all
subsequent analyses.
Calculated nucleotide diversity (π) was ~0.0006 across all analyzed groups, with hybrids
being near identical (KI) or slightly higher (IK) then their parental populations (Figure 4.4.1.2).
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Figure 4.4.1.1: fineRADstructure Co-Ancestry Matrix
Figure 4.4.1.1: fineRADstructure co-ancestry matrix based on ddRAD-seq loci of parental
and hybrid populations. Within the matrix, co-ancestry pairwise coefficients are color-coded
from black/blue (high sibship) to yellow (low sibship). Clustering of individual samples is based
on a pairwise matrix of co-ancestry that is identified within the dendogram (top). Samples are color
coded with IL: blue, KS: orange, IK: green, and KI: grey.
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Figure 4.4.1.2: Nucleotide Diversity for Autosomal Loci, Y Loci, and X Loci
Figure 4.4.1.2: Nucleotide diversity for 7,813 autosomal loci, the 202 Y loci, and the 11 X loci
for parental and hybrid prairie vole groups.
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4.4.2 Outlier Detection
A total of 10 loci were identified as putative outliers across pair-wise population ΦST
estimates and included six between parental KS versus IL prairie voles, two each between IL
parental versus IK or KI hybrids (Fig. 4.4.2.1). No outliers were evident between KS versus IL or
KS verses IK comparisons. BayeScan analysis revealed several similar outliers, with the exception
of KSvIL having a N=4 (Fig. 4.4.2.1). Because PhiST scans examine nucleotide diversity (via ΦST)
and BayeScan examines heterozygosity (via FST and probabilities), within these closely related
populations we assume very little differences in outlier outcomes. In our case, there was a
discrepancy between both modes of outlier analysis. This may be resultant of stochasticity (genetic
drift, random events, etc.), which BayeScan corrects for. As expected, genetic diversity was
minimal within parental groups as well as hybrid groups. Putative outlier clustering sequences are
summarized in table 4.4.2.1 and BLAST sequencing of outliers that are located within the prairie
vole genome is summarized in table 4.4.2.2 (FASTA sequences: table 4.4.2.3).

99

Figure 4.4.2.1: PhiST Manhattan and BayeScan Plots
Figure 4.4.2.1: PhiST Manhattan and BayeScan plots. A visual representation of the putative
outliers (PhiST left, BayeScan right) in: (A) ILvKS, (B) ILvIK, (C) ILvKI, (D) KSvIK, and (E)
KSvKI. Red markers indicate PhiST or BayeScan putative outliers.
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Table 4.4.2.1: Lists of Outliers per PhiST and BayeScan Analysis
PhiST Outliers
BayeScan Outliers
Populations RAD cluster ID Populations RAD cluster ID
KSvIL
>185108*
KSvIL
>185108*
KSvIL
>44435*
KSvIL
>44435*
KSvIL
>2920*
KSvIL
>2920*
KSvIL
>5320*
KSvIL
>5320*
KSvIL
>61
KSvIL
>2194
ILvIK
ILvIK

>>2920*
>361*

ILvIK
ILvIK

>>2920*
>361*

ILvKI
ILvKI

>6510*
>709565*

ILvKI
ILvKI

>6510*
>709565*

Table 4.4.2.1: Lists of outliers per PhiST and BayeScan analysis. Groupwise comparisons of
outliers for each scan with ddRAD cluster IDs indicated shared outlier identification. Asterisks
indicate shared outlier identification.
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Table 4.4.2.2: Location and Description of Outliers Relative to the Prairie Vole Genome
Populat
ions

Outli
ers

Distanc
e from
Gene

KSvIL

>185
108
>444
35

No match to prairie vole
genome
17671
Immunoglobulin
9.00 https://www.ncbi.nlm.nih.gov/g
bp at 5' kappa variable 1-17Eene/113458021
side
like
71
322 bp
Low quality protein:
https://www.ncbi.nlm.nih.gov/g
at 3'
uncharacterized
ene/101998541
side
protein loc101998541
398347
Myod family inhibitor 9.00 https://www.ncbi.nlm.nih.gov/g
bp at 5'
domain-containing
Eene/101989027
side
protein
71
509814 Transcription factor ec
https://www.ncbi.nlm.nih.gov/g
bp at 3'
isoform x1
ene/101990460
side
Match, but no
9.00
associated prairie vole
Egenes near
71
909061
Protein diaphanous
1.00 https://www.ncbi.nlm.nih.gov/g
bp at 5'
homolog 2 isoform x3
Eene/101990826
side
58
224402
Protocadherin-19
https://www.ncbi.nlm.nih.gov/g
5 bp at
isoform x6
ene/101992880
3' side
117656
Transcription factor
9.00 https://www.ncbi.nlm.nih.gov/g
bp at 5'
hes-1
Eene/101993371
side
66
88568
Carboxypeptidase n
https://www.ncbi.nlm.nih.gov/g
bp at 3'
subunit 2
ene/101993659
side
398347
Myod family inhibitor 9.00 https://www.ncbi.nlm.nih.gov/g
bp at 5'
domain-containing
Eene/101989027
side
protein
71
509814 Transcription factor ec
https://www.ncbi.nlm.nih.gov/g
bp at 3'
isoform x1
ene/101990460
side
Intron
Protransforming
9.00 https://www.ncbi.nlm.nih.gov/g
1,
growth factor alpha
Eene/101999550
295529
71
to
295674

>292
0

>532
0
>61

>219
4

ILvIK

>>29
20

>361

Distance from gene
and gene description

102

EVal
ue

NCBI Reference

ILvKI

>651
0

>709
565

Intron
1,
754776
to
754896
311189
bp at 5'
side
112446
bp at 3'
side

rho gtpase-activating
protein 18 isoform x1

1.00 https://www.ncbi.nlm.nih.gov/g
Eene/102002214
53

Cilia- and flagellaassociated protein 47like
Aphrodisin-like

2.00 https://www.ncbi.nlm.nih.gov/g
Eene/106144084
33
https://www.ncbi.nlm.nih.gov/g
ene/101986295

Table 4.4.2.2: Location and description of ddRAD outliers relative to the prairie vole
genome. FASTA sequences were analyzed using BLAST (NCBI) and below is the summary of
each outlier (location, E-value, and NCBI reference). Outlier sequences that are located near
(<20,000 bp) or within genes are in bold.
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Table 4.4.2.3: FASTA Sequence of Putative Outliers
Outliers
>185108

FASTA Sequence
CCTGCAGGAAACTCTCCTGATGGCTGGCTAGAGAAGCCAAAGCAGTTG
GGAAGAGGCCTGGGGTTTTGTCTTACTATGGAGGTCCTAGAGAGTGGA
GTGTCCTGCCACATGGCTGGTCACTCACCTCTTGGTTGCCTCAGTATTG
T

>44435
CCTGCAGGTGTTCCAAACTAGACCAGAATGTTTCAGATTTTACTGAACA
CTGTTTGTGCTAATGTATAATTTATTAAAAAAGGTATTTTGATGAATAG
TTTCAGCAGTGCAATGGATATAAACACAAATGTAAAGTTCTTTGTTTC
>2920
CCTGCAGGTGCTGTTGTGTTAAGTGCTCAGGGCTACCTTAATACTTGGT
TATATTTGTAATGCTGTTTCCATCTTATCCATGTTCTTATTTTGGCTTCA
TAATGAAATATTATTTCAAAATACTTACCTTTATTTCAAAACCTAAA
>5320
CCTGCAGGACTAGTAAGAGTCTCCTACTTAGAAACGAAAACACTTAGT
TGATTTGGTAGCTGCGGAGACAAGGCTTCAAATCTACATGTTCACCAC
ACTTGTCTCAAGAGTCCCATACAGTTTCAGTGGCAGTGAGTAAGGACC
TG
>61
CCTGCAGGATGAGAAAAACAAAACACTAAACAGGAAGAAAGATTTGT
ATTTATCGGGATGAGGAGATACAGAGATAGAACACTGTAAATCAGAA
GTAGCTAACACTTACATAAATGAAGAATTC
>2194
CCTGCAGGTACACAACCCTATCAAGAGGGGAAGGGCCGCATGACCAG
AGCGTGGGAAGAGGGCACGTTGATCTTGTACTTGCTATTTGCTGACTAT
ACAACTTTGGCAATTGGTGTTCCTCATTCGTTTAAGGGAAGTGAGAATT
C
>2920
CCTGCAGGTGCTGTTGTGTTAAGTGCTCAGGGCTACCTTAATACTTGGT
TATATTTGTAATGCTGTTTCCATCTTATCCATGTTCTTATTTTGGCTTCA
TAATGAAATATTATTTCAAAATACTTACCTTTATTTCAAAACCTAAA
>361
CCTGCAGGAAAGGGACTGTAGGCTGTGAGCAATGGGCCTCTTTGTCCC
CCATCTCTCCAGCCCCTAATTGGCCACCGTAATAGATGCTTAGTCACCA
CTTGAATGAATAAATGGTCAGGATCTAAGCGTGCTCCATTTCCCCTGAA
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>6510

>709565

CCTGCAGGGGGAGCCAGTGACAACTCGTCAAAATACAATAGCCTAAGA
ACTTTGTAAGAGGCAGTAAAGGGTGCAGGGATCAGGAATTTTTTTTTTT
AAATATAAATTCATGATAAGAATTC
CCTGCAGGCGTTATAATAGCTGGTACAGGAACAACTGAATGTTCAACA
TATTGACTAATCAACCAGTCCTTTGAATTC

Table 4.4.2.3: FASTA Sequences. FASTA sequences for all putative outliers that were analyzed
using the prairie vole genome.
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4.5 DISCUSSION
While past prairie vole research has examined specific genes related to social behavior
(357), few have attempted to attain genomic representation at population-levels to do so. Using
partial-genome sequencing of nearly one million base-pairs, we report for the first time that Kansas
and Illinois populations of prairie voles are indeed genetically distinct with 8% of the genetic
variation explained between them. Analyzing each locus, however, we found that the 99.99% of
all loci were evolving neutrally, and thus, conclude that genetic drift likely explain the observed
population structure of these two vole populations. Nevertheless, 10 loci were identified as
putatively under divergent selection when comparing the two parent populations, as well as when
comparing Illinois parental population against both hybrid groups (Figure 4.4.2.1). Despite all of
the loci being within introns or intergenic regions (Table 4.4.2.2), 3 (of 10) of them were recovered
to be within range and likely linked to annotated genes. For example, when comparing between
the two parental populations, we recovered a putative outlier locus on the 14th chromosome that
was within 17,671 base-pairs of the immunoglobulin kappa variable 1-17-like gene, which is
related to light chain antigen recognition structuring(367–369). We posit that the selective
pressures of the different environments between Illinois and Kansas likely result in these
evolutionary divergent patterns within the immune system (370). More recently, the prairie vole
has been proposed to serve as a potential preclinical animal model to study severe acute respiratory
syndrome due to the coronavirus 2 strain (SARS-CoV-2)(371,372), and these findings suggest that
prairie vole populations have evolutionarily been under divergent pressures and should be
carefully considered when picking which population to use.
Although none of the 6 outliers when comparing between our two parental populations
were found to be evidently linked to prosocial behavior, one of those recovered when comparing
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parental IL versus hybrid IK was a sequence within intron 1 of the protransforming growth factor
alpha gene (TGFα). Although not found as an outlier between the parental populations, the relative
differentiation was 2%; we acknowledge that higher background levels of differentiation may have
also decreased the ability to distinguish outlier loci between parental populations (360).
Additionally, while the prairie vole genome is sequenced, genomic annotation is incomplete.
Therefore, there we are unable to find all of the same loci as other species. In short, TGFα and its
receptor, epidermal growth factor, are involved in numerous facets of central nervous system
development and maturation (373–375). Not only does TGFα influence the survival and
differentiation of neurons within post-natal basal ganglia (376), embryonic and post-natal
neocortex (377), and dopaminergic neurons of the embryonic midbrain (378,379), but it also is a
member of the ErbB receptor tyrosine kinases that is expressed in various neural regions (375,380–
384). With such important areas of expression, TGFα has been linked with behavioral traits like
aggression(385), stress (386), and early parental responses (387). For example, transgenic male
mice that overexpressed TGFα exhibited enhanced aggressive behavior (385) accompanied by
increased plasma 17-β-estradiol concentrations and reduced 5-HT (serotonin) turnover in the brain.
Heightened aggressiveness in these mice is reversed with either 5-HT uptake inhibitors (388) or
by castration (389). Mice with a naturally occurring hypomorphic mutation of TGFα, waved-1
mutant (Wa-1), show an enlargement of lateral ventricles, a reduction of nuclear volume in the
amygdala, as well as stress-response and fear-based memory disruption in adult males, but not in
pubescent males or females (390,391). Moreover, gene x environment effects were recovered
when studying gonadectomized adult control males that displayed a reduction in stress-related
responses and contextual memory, while gonadectomized Wa-1 did not (386). Finally, quality of
parental care appears to be regulated by TGFα expression, as downregulation of TGFα mRNA was
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found to be important in the prefrontal cortex91 during maternal separation(387) in male rat pups.
As with mice and rats, prairie voles show different levels of aggression and prosocial behavior.
Specifically, both IL and IK males are more defensively aggressive to conspecific males as
compared to KS or KI males (166). These behaviors are reversed in females, as IK females, similar
to KS or KI females, display significantly higher “defensive” behavior when approached by a
conspecific female, as compared to IL females (166). While past research has examined the neural
expression of Erα (168), OT, and VP (166) within these groups, the results presented here suggest
that TGFα may also be an important player in dictating behavior.
4.6 Conclusion
While no animal model can truly represent the human condition, prairie voles present
researchers with an ideal animal model for better understanding culture, as there are populationspecific differences in social behavior, as well as transgenerational factors that influence offspring
phenotype. The goal of this study was to examine the genetic underpinnings of social behavior by
using two culturally distinct prairie vole populations. Our findings found there were both
population-specific and transgenerational genomic differences within these highly prosocial
animals. Prairie voles have been proposed as a translational animal model for studying depression
(292,392,393), autism (305), and addiction (306,394,395). The establishment of this cultural
model system may provide researchers with a novel outlet for examining cultural-specific
vulnerabilities of various mental health issues.
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Chapter 5: Discussion
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5.1 CULTURE AND THE PRAIRIE VOLE
There were two overarching goals to my dissertation, all of which involved using and
developing the prairie vole model system. The first was to use the differences in the levels of
prosocial behavior and neural anatomical differences to between two populations, Illinois and
Kansas, to determine if these differences are associate with higher order brain functions and the
possible role of gens might play. The second was to determine if these differences would be
applicable to cultural neuroscience and thereby provide a translational model system. The
dissertation presents three studies that were designed to test the associated hypothesis and test the
predictions. The results supported our predictions with chapter 2 demonstrating significant
differences in DWI and specific connections between IL males, who are highly prosocial, and KI
males who are the least prosocial. Chapter 3 provides a new and detailed analysis of the
connections between and within cores, olfactory and prosocial, that may represent the
fundamental/essential connections associated with “allowing” prosocial behavior and the major
differences. Chapter 4 is an exploratory study examining the genome of IL, KS and the hybrid
offspring, IK and KI, of males and females, in which there were small but possibly critical
differences.
The expression of social behavior can be regulated/influenced by multiple potentially
interactive factors including neuroanatomy, genetics, nongenomic factors (epigenetic) and the
social and physical environmental (253,254). Recent research has identified cultural differences
as an influencing factor in social comparison (396–399), self-construct (400,401), and career
choices (402–404). This has led to the development of field of study of cultural neuroscience (405).
However, despite the obvious connections cultural influence have largely been neglected in most
cognitive and behavioral neuroscience studies (406,407). Qu et al. recently performed a sampled
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meta-analysis of adolescent development neuroscience studies and found that 99% of publications
used samples from western countries and only 22% percent of these studies provided a description
of racial/ethnic background (408). An additional limitation of cultural neuroscience is that there is
a lack of animal model systems, which mimic human cultural differences which can be used to
better understand the neural mechanisms that influence social behavior. This limitation is not just
associated with cultural neuroscience, but has been a challenge in terms of studying many socially
related aspects of neuroscience including, depression, addiction and mental health disorders, in all
of which the expression of social behavior is a critical aspect.
Although studies using rats and mice have provided significant insights into the
mechanisms regulating social behavior. While they have been and continue to be used as
preclinical and translational models for many human conditions involving social deficits their
hierarchical social system significantly differs from humans, meaning there their value as a model
system for studying cultural neuroscience as related to humans is extremely limited. Here I used
the prairie vole, the primary human relevant model system. Their use is based on similarities in
sociosexual behavior, the prairie vole has become an ideal animal model for studying humanrelevant social behavior. Prairie voles display bi-parental care, pair bond formation, and selective
aggression towards strangers. In addition to these human-relevant behaviors, and of particular
importance to this dissertation, the prairie vole also displays cultural differences in behavior based
on population of origin. Although most of the studies using voles have focused on the expression
of prosocial behavior, parental and bonding (43), they have been used to study addiction (395,409),
depression (410,411), and anxiety (412).
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5.2 HIGHER ORDER BRAIN FUNCTION - RSFMRI
Recently, the use of resting-state functional magnetic resonance imaging (rsfMRI) has
become a critical tool to help explore the functional connectome. While a promising method for
studying intrinsic neural networks, the use of rsfMRI to examine complex prosocial behavior has
been severely limited, as the majority of rodent research has been performed in rats and mice. We
solve the challenge by using the prairie vole, as discussed above, because of its exceptional and
demonstrated power as an intraspecies comparative model. The data presented in chapter two
illustrates that there are significant differences in grey matter microarchitecture and resting-state
functional connectivity within KI and IL populations. Specifically, we compared apparent
diffusion coefficient, fractional anisotropy, and blood oxygen level–dependent resting-state
functional connectivity between these culturally distinct populations. We found that IL males had
significantly higher apparent diffusion coefficient and significant differences in functional
connectivity in numerous regions associated with prosocial behavior. Specifically, IL males had
higher grey matter microarchitecture density within the bed nucleus of the stria terminalis (BST)
and paraventricular nucleus (PVN). Both the BST (220,313,413) and PVN (41,313) play major
roles in the regulation and expression of prosocial behavior. We next examined the functional
connectivity profiles of BST and PVN, as well as the medial amygdala (MeA), a neural region
critical for processing social stimuli (413), social memory (208), and expression of male prosocial
behavior (102,169). We found that IL males have significant functional connections in regions
associated with the social behavior network, as compared to KI males (169).
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5.3 GRAPH THEORY ANALYSIS
One major shortcoming of rsFMRI analysis is that a large, unwieldy amount of data is
produced (414), which make interpretations difficult (415). Additionally, past studies have
concluded that, at best, the prosocial network was inferred from a compilation of single task-based
functional responses, rather than delineated through a comparative analysis. Overall, this means
that we do not really understand what the prosocial network truly involves because single task
recordings are limited in what they test. To address this challenge, there are several methods used
to analyze rsfMRI data, which include seeding-based approaches, clustering algorithms, pattern
classifiers, independent component analysis, and graph theory analysis (GTA) (416). We used the
GTA approach to analyze the prairie vole KI/IL model system. GTA allowed us to expand upon
previous findings in differences in grey matter microarchitecture and functional coupling between
both KI and IL groups (320) to elucidate the key topological features that contribute to each
group’s (KI and IL) overall network and intraspecific differences that will help identify key
components of the prosocial network. Unlike other approaches, we chose GTA because it allows
us to graphically analyze brain regions as nodes within a network in which functional connectivity
is represented by edges (connected nodes), therefore revealing complex relationships of various
brain regions and cores within an entire network. We identified a proposed “prosocial” core (PS
core) of nodes, which is based on neural regions empirically studied to contribute to the prosocial
behavior, in addition to an olfactory core (O core). All of which has never been done within prairie
vole fMRI research. Our goal was to analyze this presumptive PS core and O core’s network
properties and examine if there were populational differences in global core connections, intracore connections, and PS+O core connections. We found that the IL PS core had significantly
higher global intra-core connections. Interestingly, we found that there were no significant
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differences in O-core global or intra-core connections, while IL males had significantly higher
PS+O core interconnections. The results further confirm differences in functional connectivity as
mentioned in chapter 2, yet with using GTA, we uncovered novel findings in which there are
suggested differences in post-signal olfactory integration.
5.4 GENOMICS DIFFERENCES
Lastly, we feel it is important to further examine the genomic differences between KS, IL,
KI, and IK populations. Indeed, the weight of what specific factors (nature vs. nurture) play a role
in shaping behavior has been the source of many intellectual discussions for decades. While past
comparative research has examined few genes related to social behavior between the previously
mentioned groups, we aimed to broaden our search to examine a larger sample of the genome. We
accomplished this by using double digest restriction-site associated DNA sequencing (ddRADseq). This method allowed us to sample the genome and compare thousands of autosomal, Xlinked, and Y-linked loci, all of which has never been examined before using these prairie vole
populations. We found that among all groups, there was similar genetic diversity, with only a few
outlier regions detected. When comparing KS vs. IL, we found a putative outlier near the
immunoglobulin kappa variable 1-17-like gene, a gene related to light chain antigen recognition
structuring. IL-based prairie voles that undergo social isolation demonstrate decreased immune
responses (417,418) and comparative studies of monogamous and non-monogamous species of
microtus have suggested that mating system influences immune response (419).
We found an interesting pattern of IL parental influence on outlier detection, as only IL
samples were identified as outliers with both KI and IK hybrids, not KS. When comparing IL vs.
KI ddRAD loci, we identified an outlier sequence directly within the rho gtpase-activating protein
18 isoform gene (Arhgap18). Arhgap18 has been shown to regulate endothelial cell alignment
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(420–422). Past research of IL-based prairie voles has demonstrated that chronic isolation disrupts
endothelial cell formation in IL origin males (423). In both genes of immunoglobulin kappa
variable 1-17-like and rho gtpase-activating protein 18 isoform, we find both functional
mechanisms are influenced by social isolation and stress.
Lastly, when comparing outlier sequences from IL vs. IK, we found a direct sequence for
protransforming growth factor alpha gene (TGFα). Past research in rats and mice have identified
the functional role of TGFα in the central nervous system and development (373–375).
Additionally, TGFα plays a role in aggressive behavior (385) and stress response (390,391),
including during maternal separation (387). To the best of our knowledge, this is the first study to
suggest TGFα as a potential genomic candidate for the modulation of social behavior in prairie
voles. There are sexual dimorphic responses in defensive aggression between IK and IL
populations. IK males, similar to IL males, are less likely to be approached by a conspecific male
(“defensive” aggression) (166). This pattern of behavior is reversed in females, as IK females
display significantly higher levels of “defensive” aggression when approached by novel
conspecifics.
Our overall approach was constructed to view the “global” picture of the cultural
differences between these prairie vole populations and respective hybrids. While preliminary, there
is strong evidence that, similar to humans, there are a complex construct of neural connectivity
and potential genomic mechanisms involved within these cultural populations. While the debate
of nature vs. nurture will continue, our hope is that these results can contribute to these discussions.
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